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The aim of this thesis was to develop an approach to evaluate breeding strategies for feed 
efficiency in pigs to identify mitigating solutions for environment and economy. A life cycle 
environmental assessment model (LCA) and a bio-economic model were developed at the 
individual level. It enabled to assess varieties of feed efficiency scenarios on an individual basis. 
The models were applied to assess the impacts of selection for feed efficiency alone or 
combined with diet optimisation as a strategy to achieve overall farm feed efficiency. Data from 
two pig lines selected for feed efficiency based on residual feed intake (RFI), showing 
genetically contrasted feed efficiency, were used. A multiple objective diet optimisation was 
developed using genetic line nutritional requirements as constraints, and minimising a score 
combining environmental impacts and/or cost. The consistency of the models was obtained 
from considering net energy as the core linkage between line requirements, ingredients dietary 
composition, price, and environmental impacts. The individual performance traits in response 
to new optimised diets for each line were simulated with the InraPorc® pig growth simulation 
software. For a least cost, a least environmental impacts, and a joint economic-environment 
diets, these performances were used as inputs to the LCA and bio-economic models. The 
individual economic and environment assessments showed that selection for improved feed 
efficiency in pigs increases the profitability by 23.4% and reduces the environmental footprint 
by 7%. Selection for feed efficiency combined with diet optimisation even enhanced these 
economic and environmental improvements through restoring part of the advantages of 
selection that did not emerge due to feeding the lines the same diet. Thus, for increased pig 
sustainability, a selection for feed efficiency should be combined to diet optimisation including 
environmental constraints. However, feeding less efficient pigs an optimised diet strongly 
reduced the genetic differences and alleviated most of the economic and environmental 
burdens. Finally, the assessment at the individual level gave access to the covariances between 
the performance traits and the environmental impacts and profit. High correlations of feed 
conversion ratio with environmental impacts and profit in both lines confirmed the importance 
of feed efficiency as a lever for the sustainability of pig production, and the moderate 
correlations with RFI pointed this trait as a potential lever to improve environmental impacts 
with limited correlated effects on other production traits. These results and tools will contribute 
to move from breeding goals essentially based on economic objectives to more holistic breeding 






L'objectif de cette thèse était de proposer une approche pour évaluer les stratégies 
d'élevage et de sélection pour l'amélioration de l’efficacité alimentaire chez le porc en 
croissance, afin d'identifier des leviers pour conjointement atténuer les impacts 
environnementaux, et améliorer les résultats économiques de la filière porcine. Un modèle 
d'évaluation environnementale par analyse de cycle de vie (ACV) et un modèle bio-économique 
applicables à l’échelle de l’individu ont été développés. Ils ont permis d'évaluer des scénarios 
variés d'amélioration de l’efficacité alimentaire. Les impacts de la sélection pour l'efficacité 
alimentaire seule ou combinée à l'optimisation du régime alimentaire comme stratégie pour 
atteindre une efficacité alimentaire globale de la ferme ont ainsi pu être quantifiés. Les données 
individuelles de deux lignées de porcs sélectionnées pour une efficacité alimentaire 
(consommation moyenne journalière résiduelle ou RFI) génétiquement contrastée ont été 
utilisées. Un module d’optimisation multi objectifs de la composition de l’aliment a été 
développé en combinant la contrainte des besoins nutritionnels de chaque lignée génétique, et 
la minimisation d’un score intégrant divers impacts environnementaux et / ou le coût de 
l’aliment. La cohérence des modèles a été obtenue en considérant l'énergie nette comme le lien 
central entre les besoins des lignées, la composition nutritionnelle des ingrédients, leurs prix et 
impacts environnementaux. Les performances individuelles en réponse à de nouveaux régimes 
optimisés pour chaque lignée ont été simulées avec le logiciel de simulation de croissance des 
porcs InraPorc®. Après des optimisations de l’aliment à moindre coût, à moindre impact 
environnemental, ou conjointement pour les objectifs économiques et environnementaux, ces 
performances simulées ont été utilisées comme données d’entrée pour les ACV et les modèles 
bio-économiques. Les évaluations économiques et environnementales individuelles ont montré 
que la sélection pour une meilleure efficacité alimentaire chez les porcs augmente de 23,4% le 
résultat économique, et réduit l'empreinte environnementale de 7% par rapport à des porcs peu 
efficaces avec un aliment standard. La sélection pour l'efficacité alimentaire combinée à 
l'optimisation du régime alimentaire a encore diminué les impacts environnementaux et 
augmenté le résultat économique, rétablissant une partie des avantages de la sélection qui ne 
ressortaient pas lorsque les lignées sont nourries avec le même régime alimentaire. Ainsi, pour 
une durabilité accrue de la production porcine, la sélection génétique de l'efficacité alimentaire 
doit être combinée à l'optimisation du régime alimentaire, si possible incluant une contrainte 
environnementale. Cependant, nourrir des porcs moins efficaces avec une alimentation 





économiques et environnementales, ce qui souligne l’importance de la combinaison des 
approches pour atténuer les défauts des animaux moins efficaces. Enfin, les évaluations au 
niveau individuel ont donné accès aux covariances entre performance de production, impacts 
environnementaux et résultat économique. Les corrélations élevées de l’indice de 
consommation avec les impacts environnementaux et les résultats économiques dans les deux 
lignées ont confirmé l'importance de l'efficacité alimentaire comme levier pour la durabilité de 
la production porcine, et les corrélations modérées avec RFI montrent que ce caractère est un 
levier pour améliorer les impacts environnementaux si l’on souhaite avoir des effets limités sur 
les autres caractères de production. Les modèles et outils développés dans cette thèse 
contribueront à l’évolution des objectifs de sélection des porcs en croissance, pour passer 
d’objectifs essentiellement économiques à des objectifs de sélection plus globaux qui 
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 Pig production  
 
It is expected that world human population will exceed 9.8 billion people by 2050 (FAO, 
2017). The ever-growing trend of human population by 2100 (Figure 1, source HYDE database 




Figure 1. Trend of human population by 2100 
(https://ourworldindata.org/future-population-growth) 
 
In the livestock industry, the monogastric animals (essentially pigs and poultry) have had 
faster growing production than the ruminants (Steinfeld et al., 2006). The most widely 
consumed source of animal protein, pork, represents more than 40% (Figure 2) of the globally 
produced meat (~120 million tons) in 2018 (FAO 2020), with an increasing trend (Figure 3). 

















Competition with land use between pig feed ingredients and human food (Godfray et al., 
2010; Hume et al., 2011), along with global challenges such as climate change, human 
population growth, and economic crises may influence over human food security. Demand 
increase for pig production intensifies competition for feed ingredients, mostly the same cereal 
grains that could directly be consumed by humans (Ali et al., 2018). This competition, along 
with resources scarcity, maintains continuous pressure on feed costs, which could be up to 60% 
to 75% of the total cost of pig production (Cadéro et al., 2018). The increase in competition for 
access to the resources which are also used for human edible crops and for the production of 
biofuels involves a cascade of pollutions activities including deforestation and land use 
changes. Pig production areas are subjected to high environmental impacts mainly due to its 
concentrated distribution in very limited areas. Figure 4 illustrates the number of sows across 
Europe. This uneven concentration of pig farms is associated with some challenges. The high 
density of pig production in limited areas causes local overproduction of emissions and 
excretions along with lack of sufficient agricultural surface for manure spreading. For example, 
around 57 % of pigs in France are produced in Brittany (Figure 5), while this region represents 
only 6% of the total agricultural area (IFIP, Institut de la Filière porcine, Le Porc par les 
Chiffres, Edition 2020-2021). 
 







Figure 5. Geographical distribution of slaughtered pigs 
It corresponds to the distribution of the French production (IFIP, le Porc par les Chiffres, 
edition 2020-2021) 
 
Having severe impacts on air, water and soil quality, and competing for scarce resources 
such as energy, water and land (de Vries and de Boer, 2010), the livestock sector production 
has a major environmental footprint either at a global (greenhouse gases) or at a local 
(eutrophication potential (EP), acidification potential (AP)…) levels (Rigolot et al., 2010). 
Globally, livestock contribute up to 80% of methane (CH4) and nitrous oxide (N2O) emissions, 
both greenhouse gases, from world agricultural activities (Steinfeld et al., 2006). Globally, pig 
production produces 668 million ton equivalent of CO2 per year (Macleod et al., 2013), with 
the highest levels of EP and AP of the livestock industry (de Vries and de Boer, 2010). In 
intensive pig production regions of Europe, pigs are responsible for nitrogen and phosphorus 
excretion as the major sources of local environmental burdens in agriculture (Williams, 1995).  
Livestock farming accounts for 70% of the EU’s agricultural land (Weishaupt et al., 2020). The 
European livestock sector contribution is 81% for global warming, 80% for soil acidification 
and air pollution (ammonia and nitrogen oxides emissions), 73% for water pollution (both N 




the total greenhouse gas emissions from the various emission sources associated with livestock 
production in the Europe (Lesschen et al., 2011). 
 
 
Figure 6. Total greenhouse gas emissions associated with livestock production in the 
EU-27  
 
 Feed efficiency in pigs  
 Feed use in pigs  
 
Feed costs represent up to 75% of the total pig production costs (Cadero et al., 2018) 
which is a main constraint in profitability of pig production enterprises. Beyond being the 
economic bottleneck, feed greatly contributes to the environmental impacts of pig farming (van 
der Werf et al., 2005; Nguyen et al., 2011; McAuliffe et al., 2016). Consequently, improvement 
in feed efficiency is the major goal of sustainability through the reduction in economic and 
environmental burdens of pig production. As the most massive land used activity, the livestock 
industry exploits 75% of the total land (Foley et al., 2011; Cassidy et al., 2013). Moreover, for 
monogastric livestock, feed production impacts are responsible for up to 85% climate change, 
97% EP, 96% energy use, next to 100% LO (Garcia-Launay et al., 2018), and up to 90% of 
non-renewable resource use (Mackenzie et al., 2015) of whole environmental impacts 
associated to the production of 1 kg of meat. Fattening feed, ie feed delivered to pigs from about 




the main contributor to total feed costs in pigs (Mullan et al., 2011), and fattening pigs are 
responsible to up to 70% of the nitrogen (N) and phosphorous (P) on farm excretion of an entire 
farrow to finish farm (Dourmad et al., 1999), which is the typical French farm. 
 
Consequently, feed efficiency improvement of fattening pigs is a key driver towards 
profitability and sustainability in pig production through lowering farming cost, manure 
production (O’Shea et al., 2012; Bartoš et al., 2016) and feed production associated 
environmental burdens. The difficulty of direct selection for feed efficiency stands in the lack 
of direct measurement (Hoque and Suzuki, 2008), and feed efficiency is generally expressed as 
ratio or residual traits (Berry and Crowley, 2013). Feed efficiency, most commonly expressed 
inversely as feed conversion ratio (FCR) in pigs, stands for body weight gain per unit of feed 
consumed during a given period.  
 
Improving animal feed efficiency is possible at two stages of the pig utilisation of the 
diet. The first stage arises from the interaction between feed and animal in the digestive tract: 
it improves conversion of feed gross energy (GE) and nutrients into metabolisable energy (ME) 
and nutrients. The second stage improves the partitioning of uptaken net energy (NE) and 
nutrients between maintenance and tissue accretion through protein and lipid deposition 
(Nguyen et al., 2005). The total energy of feed ingredients, GE subtracted for energy in feces, 
stands for digestible energy (DE) (Figure 7), which, minus the excreted energy in urine and 
emitted as fermentation gases turns into ME, which represents the potential usable energy 
availed for animal requirements (de Lange and Birkett, 2005; Moehn et al., 2005). Ultimately, 
the energy available for maintenance and tissue accretion, net energy NE represents ME minus 
the heat increment due to energy losses during nutrient metabolic processes (Kil et al., 2013). 
To estimate the available energy value of a diet from its chemical composition, three main 
systems (Kil et al., 2013) of digestible and metabolisable energy  (Noblet and Perez, 1993), net 
energy (French system by Noblet et al. 1994 and Dutch system by Blok 2006), and Danish 
potential physiological energy system (PPE) (Boisen, 2007) have been developed. 
 
In the energy partitioning concept, the uptaken energy would be allocated to tissue 
accretion (protein and lipid deposition) as the retained energy and to heat release (basal 




losses. This energy allocation establishes a baseline to develop separate models to quantify 
energetic requirements for production (tissue accretion) and maintenance. The required energy 
for maintenance is usually quantified as a linear function of metabolic body weight (mBW), 
BW with the exponent of 0.60 for growing pigs (Noblet et al., 1999). 
 
 
                             Figure 7. Partitioning of feed energy in pigs 
Several studied have reported the superiority of NE system over DE and ME systems, 
with the main advantage of the NE system to better predict growth performance and body 
composition of pigs (Verstegen, 2001; Noblet, 2007; Oresanya et al., 2008). The NE system is 
also better to estimate the dietary energy of multi-ingredient diets (Patience and Beaulieu, 2005; 
Lange, 2008), and using the NE system, more accurate diet compositions could be obtained to 
decrease the waste excretion (Le Bellego et al., 2002; Noblet, 2007). In addition, it was shown 
that fattening pigs are able to regulate their spontaneous feed intake over a wide range of net 
energy density (Cole et al., 1967; Nyachoti et al., 2004; Quiniou and Noblet, 2012; Kil et al., 
2013). However, severe reduction in dietary energy, like low energy high fibre diets, may 
restrict the energy intake mainly because of gut fill limitation (Kyriazakis and Emmans, 1995). 
Accordingly, within usual ranges of dietary energy contents, the NE system is more precise 





International efforts have been undertaken to improve feed efficiency through 
improvements in diet composition, feeding plan and genetic selection for feed efficiency since 
decades. For instance, it is reported that limited feed restriction, which does not cause 
considerable reduction in growth rate, can improve feed efficiency as well as lean meat 
percentage (Prince et al., 1983; Lovatto et al., 2006; Niemi et al., 2010; Patience et al., 2015). 
In addition, given the quasi linear relationships between particles size of the diet ingredients 
and feed efficiency, improvement in feed processing can lead to higher feed efficiency (Healy 
et al., 1994; Wondra et al., 1995; Mavromichalis et al., 2000). Moreover, switching from static 
conventional group phase feeding plan to a dynamic individually matched nutritional 
requirement recognition and real time nutrient satisfaction, precision feeding has been under 
development since the 1990s when single space electronic feeders enabled individual data 
collection and investigation of group housed pig individual feeding (Ferket et al., 2002; Pomar 
et al., 2009; Hauschild et al., 2012; Pomar et al., 2014). Furthermore, reduction in lysine intake 
and nitrogen excretion with no compromise in growth performance via performing precision 
feeding technics are reported (Andretta et al., 2012; Andretta et al., 2016), and reduction in the 
crude protein of feed is one of the key targets for improvement in environmental performance 
related to pig production (McAuliffe et al., 2016). Genetic selection for feed efficiency as the 
animal improvement approach will be discussed in the next section. 
 
 Genetic selection for feed efficiency  
 
Animal selection is the genetic improvement of a population of animals based on a 
selection criterion. A selection criterion for multi-trait selection can be constructed from traits 
correlated to the selection objective, combined linearly with weightings to maximise their 
correlation with the selection objective. The proper weightings can be obtained from using 
standard deviation of the traits, genetic and phenotypic correlations between each pair of traits 
and heritable fraction of variance in each trait and their relative economic values (Hazel, 1943). 
For a viable selection, the trait or the measure must be heritable enough to be transferred from 
ancestors to descendants. Feed efficiency in fattening pigs, as a complex multifaceted trait, 
involves contribution of varieties of biological and physiological processes without any direct 




with many underlying biological mechanisms (Mauch, 2018), a proper strategy to improve feed 
efficiency is selection at the genomic (whole genome) level rather than gene or single nucleotide 
polymorphism level.  
 
The genetic selection for feed efficiency based on FCR, with a heritability within the 
range of 0.20 to 0.42 (Fredeen, 1972; Mrode and Kennedy, 1993; Kadarmideen et al., 2004; 
Cai et al., 2008; Hoque and Suzuki, 2008; Do et al., 2013), has been efficiently implemented 
and investigated (Rothschild and Ruvinsky, 2011). Selection of animals to improve FCR had 
some measurement challenges until 1990, when electronic single-space feeders became 
available. These feeders enabled the daily record of feed intake, and sometimes body weight 
gain, of any individual or grouped pigs, and facilitated the calculation of FCR. In France, direct 
selection for lower FCR became available from the earlies of the 1990s, when performance 
monitoring stations were equipped with ACEMA 48 followed by ACEMA 64 from 2005 
(Saintilan et al., 2013), and resulted in major improvements of the traits in the main pig 
populations (Figure 8). Similarly, a systematic selection for reduced FCR in Norwegian 
landrace has resulted in highly feed efficient pigs due to high lean meat growth (Martinsen et 
al., 2015).  
  
Figure 8. Trend of improvement of FCR (kg feed intake /kg weight gain) in French Large 




A general problem with selection for ratio traits is the uneven selective pressure applied 
on the numerator and denominator traits, involving uncontrolled statistical variation in the traits 
among the selected animals (Gunsett, 1984). Thus, a reduction in FCR cannot be necessarily 
assigned to an improvement (decrease) in feed intake (Crews, 2005). Accordingly, as an 
alternative trait to FCR, in 1963, Koch et al. introduced a more targeted measure for feed 
efficiency called residual feed intake (RFI). The RFI, which can be obtained from a linear 
combination of other production traits, is defined as the difference between observed feed intake 
and the feed intake expected from individual maintenance and production requirements (Koch 
et al., 1963; Kennedy et al., 1993). Contrary to FCR, RFI has the advantage to be independent 
from production and maintenance requirements, which offers an opportunity to select for 
reduced feed intake with no compromise on production performance ( Kennedy et al., 1993; 
Van der Westhuizen et al., 2004). In other words, removing average daily feed intake (ADFI) 
required for growth and maintenance requirements, the remaining (residual) variation in ADFI 
represents RFI. The portion of feed intake for production requirements can be predicted from 
different traits between species and studies (Gilbert et al., 2017). For growing pigs, since the 
main portion of variation in ADFI (up to 66%) comes from variation in ADG and BFT (Cai et 
al., 2008), these traits were mostly applied for predicting the requirements for growth and the 
composition of body weight gain. However, varied prediction approaches for production and 
maintenance requirements can make it difficult to compare the calculated RFIs among different 
studies (Hoque and Suzuki, 2008; Do et al., 2013; Do et al., 2014). As a biologically and 
genetically complex of combined traits, RFI has no major representative genes, but numerous 
genes with small contributions (Mauch, 2018). Variations in RFI can originate from variation 
in functions using energy and nutrients including maintenance, physical activity, body 
composition, immune response, digestibility, thermoregulation and energy efficiency (Herd et 
al., 2004). A negative (low) of RFI stands for high feed efficiency and positive (high) quantity 
of RFI assigns low feed efficiency (Figure 9).  
 
 
The RFI was reported to be moderately heritable in growing pigs, 0.13-0.45 (Nguyen et 
al., 2005; Saintilan et al., 2013) with a genetic correlation of 0.39±0.12 with FCR (Gilbert et 
al., 2017). During the last two decades, the potential of RFI to improve feed efficiency in 
growing pigs has been studied through development of experimental divergent selected lines in 




resulting in LRFI pigs (low RFI, more efficient) and HRFI pigs (high RFI, less efficient). 
Details about these populations and the main outcomes of the selection experiments are 
provided in Frame 1. 
 
 
Figure 9. Schematic representation of residual feed intake (RFI) 
It is computed as the difference between expected feed intakes based on maintenance and 
tissue accretion requirements on the x-axis and observed feed intake on the y-axis 
 
In these populations, as well as in commercial populations, it was shown that RFI has 
positive genetic correlations with ADFI, FCR, lean meat percentage (LMP), low negative 
correlation with ADG, and next to zero correlation with carcass backfat (Hoque and Suzuki 
2008; Cai et al., 2008; Saintilan et al., 2013; Gilbert et al., 2017). Lower maintenance 
requirements, physical activity and water intake are also reported for pigs with low RFI (Barea 
et al., 2010; Renaudeau et al., 2013; Meunier-Salaün et al., 2014). These studies showed that 
energy partitioning between maintenance, physical activity and production is the main drivers 
of the line efficiency differences (Gilbert et al., 2017). 
 
 
Finally, despite the massive amount of investigations on the correlated impacts of 
selection for feed efficient on different aspects of the pig production, to date, these impacts have 















Expected feed intake  
High RFI  




individual models to predict nitrogen (N) and phosphorus (P) retention and excretion of 
individual pigs, and moderate to high correlations between P (Saintilan et al., 2013) and N 
excretion and feed efficiency traits (Shirali et al., 2012, 2014) were reported. The estimated 
correlations were close to 1 with FCR in these studies. However, by focusing on individual pigs 
these approaches neglect the overall environmental impacts of the pig production, and 





Frame 1 – Pig line selection for RFI at INRAE   
The impacts on production and reproduction performances were reported (Cai et al., 
2008; Young and Dekkers 2012; Gilbert et al., 2012, 2017). Pigs in the LRFI line compared 
with HRFI pigs were more feed efficient, with greater carcass lean, lesser BFT and average 
daily gain. The impacts of selection on animal physiology were investigated in terms of 
digestive efficiency, basal metabolism, feeding behaviour, responses to stress, energy and 
protein metabolism, as reviewed in Gilbert et al., (2017). The experimental selection resulted 
in no line difference in digestibility of energy and nutrients (Montagne et al., 2014; Labussière 
et al., 2015), and the higher energy efficiency of LRFI pigs than HRFI pigs was related to lower 
physical activity and basal metabolic rate (Barea et al., 2010). It was thus concluded that 
improving feed efficiency through selection based on RFI, when pigs are fed conventional diets, 
essentially corresponds to the improvement in partitioning of the delivered energy (Gilbert et 
al., 2017). The French selection experiment for RFI was initiated in the French commercial 
Large White pigs in 1999 by Dr. Pierre Sellier and Jean Noblet. Initially, 30 litters were 
obtained from mating 30 sires and 30 dams. A phenotypic selection index of RFI was obtained 
from earlier correlations between proxies for fat tissue growth (BFT) and body weight gain 
(AGD) and DFI from 35 to 95 kg BW (RFI(g/d) = DFI (g/d) – [1.06 * ADG (g/d)] – [37 * BF 
(mm)]; Gilbert et al., 2017). Pigs had ad libitum access to feed delivered as pelleted diet, and 
individual DFI were collected using single space automatic feeders (ACEMA 64, Pontivy, 
France), and BFT was measured using an ALOKA SSD-500 echograph (Aloka, Cergy 
Pontoise, France) and BW was collected on a weekly basis from 10 weeks of age up to planed 
market weight (Gilbert et al., 2007). A parallel selection experiment on RFI was performed at 
Iowa State University (ISU, Ames, Iowa) from 2000 in Yorkshire pigs (American branch of 
Large White pigs) by Prof. Jack CM Dekkers up to ten generations, with consistent results 
between the two selection experiments. Similar differences between the lines were reported for 
both INRAE and ISU experiments, except for meat quality indicators. The ISU experiment 
reported minor impact of selection for RFI on sensory quality of meat and consumer eating 
indicators, and the INRAE experiment showed impacts on the technological quality of meat 





 Environmental assessment  
 
Lord Kelvin, physicist who gave his name to the Kelvin degrees, said “if you cannot 
measure something, you cannot improve it”. Environmental assessment models have been used 
to quantify the environmental impacts associated with the procedures and production systems. 
Several methods of environmental assessment such as Ecological Footprint, Nutrient Balance, 
Multi Agent System, Multi Linear Programming, and Life Cycle Assessment (LCA) with 
different approaches, elaboration levels, and limitations have been proposed in the literature. In 
1997, Wackernagel and Rees developed the method of Ecological Footprint to assess the 
individual impacts on the Earth’s natural resources through the quantification of the individual 
demand for the resources in five categories of consumed land, garden, crop land, pasture land 
and productive forest. This method does not distinguish local or global natural resources and 
among the greenhouse gases only considers CO2, which may underestimate the environmental 
impacts of a production system (van den Bergh and Verbruggen, 1999). In 2003, de Boer 
introduced the method of Nutrient Balance for environmental assessment. The method 
identifies inefficiencies due to loses and leaching from a production system. Nutrient Balance 
in the crop production can be applied to assess the loss of N, P and K from the consumed 
fertiliser. However, because it did not consider all the upstream impacts, such as fertiliser 
manufacturing burdens, it is not appropriate for a global assessment of all the environmental 
impacts of a process. The method of Multi Agent System was developed since the 1990s 
(Aulinas et al., 2009) to consider the interactions of the production system in terms of economy, 
social and environment in the environmental assessment. The incorporated parameters in the 
model enable to find the best scenario for the production system. Due to integrating social, 
economy and environmental interactions the method may not be suitable for pure 
environmental assessment. In the method of Multi Linear Programming, linear optimisation 
algorithms are used to determine the management scenario with the lowest environmental 
impacts. The method involved economic, social and technical aspects of a production system 
to identify the best management approaches with maximum profitability with minimum 
environmental emissions (Payraudeau and van der Werf, 2005). Finally, in a synthesis to keep 
the advantages of these environmental assessments methodologies and limit their drawbacks, 
LCA, as a holistic assessment framework, was proposed to quantify the environmental impacts 
during the entire life cycle of a product or process (United Nation Environment Programing, 




so we retained it for our developments. In the next section its principles of the LCA method and 
applications are described.  
 
 Principles of life cycle assessment  
 
Life cycle assessment (LCA) is the most popular and recognised analysis technique to 
assess holistically the environmental impacts associated with all the stages of entire life cycle 
of a product or system (Guinée et al., 2002). The ISO 14040 standard series have provided 
comprehensive standards to include all four steps of LCA, addressing quantitative assessment 
methods for the assessment of the environmental aspects of a product or service in its entire life 
cycle stages. This methodology helps to identify hotspots which have high contribution to the 
environmental impacts (Thomassen et al., 2008). To conduct an LCA the International 
Organization for Standardization (ISO) introduced a protocol including four principles for the 
framework of LCA: define the goal and scope, run the life cycle inventory analysis, run the life 
cycle impact assessment, and run the interpretation (ISO 14040, 2006, last reviewed in 2016 
https://www.iso.org/standard/37456.html). With this framework, the functional unit, the system 
boundary, and the impact categories to assess with the LCA are first defined at the stage “goal 
and scope definition”. To quantify the performance of a product system, the functional unit is 
required to be defined in unit of mass or volume (Basset-Mens and van der Werf, 2005; Koch 
and Salou, 2015). The life cycle inventory step involves quantifying and cumulating all relevant 
inputs, including raw material and natural resources, and outputs, including products, co-
products, emissions and excretion, for all the involved processes within the system boundary. 
Variety of methods are developed to quantify and classify the emissions of all processes within 
the system boundary and report them in a set of environmental impact categories, such as global 
warming potential (GWP), acidification potential (AP), land occupation (LO), freshwater 
eutrophication potential (EP),based on P emissions, and marine eutrophication potential based 
on N emissions, etc. In the final stage, the results from the inventory analysis and impact 
assessment should be interpreted under ISO 14044 guidelines through sensitivity and 
uncertainty analyses, to identify the hotspots for further process of improvement 
recommendations (Williams et al., 2009). However, these general guidelines offer wide 
interpretation from diverse assumptions and developed methodologies, which may potentially 




impacts (Dong et al., 2018). This could be avoided through harmonization of methodologies 
and approaches to quantify environmental impacts (Colomb et al., 2016). Thus, an LCA study 
requires dependable references and guidelines to select appropriate databases, methods and 
approach. To fulfil this requirement, the inter-governmental panel of climate change (IPCC, 
2006) has offered standardization recommendations. More specifically, to conduct an LCA in 
livestock production systems, the livestock environmental assessment and performance 
partnership (LEAP) has provided guidelines for GWP, AP, water use and non-renewable energy 
use (NRE). To respond to these needs for standardisations, a national program was launched in 
2000 at INRAE in France to create an integrated platform to provide possibility for researchers 
to conduct economic, environmental and social assessments in agriculture (Auberger et al., 
2013). The resulting MEANS platform (MulticritEria AssessmeNt of Sustainability) is an 
innovative user-friendly platform with shared databases to perform multi-criteria assessments. 
 
Cross-study comparisons of results can be a challenge due to differences in assumptions 
and methodological choices such as functional unit, system boundary, and choice of an 
allocation, attributional or consequential approach (Thomassen et al., 2008; González-García 
et al., 2015; McAuliffe et al., 2016). Two main approaches for performing LCA are available. 
On one hand, the attributional LCA refers to model a system “as-is” (status quo situation). It is 
the most popular approach in different LCA studies, as stated in the review by McAuliffe et al. 
(2016). This approach accounts for physical flows involved in life cycle of a product (Ekvall 
and Weidema, 2004). On the other hand, the consequential approach considers the changes in 
market demand for a product or service (i.e. environmental impacts arising from producing one 
additional kg of pig meat) and only includes processes affected by such changes (Thomassen 
et al., 2008; McAuliffe et al., 2016). In other words, this approach does not represent the impacts 
of an existing supply chain of products, but represents the environmental impacts expected from 
changes in the life cycle of the product. In addition, an allocation method should be chosen 
among the main allocation methods for partitioning the inputs or outputs of a production system 
between the products in case of multiple products and co-products. The International 
Organization for Standardization (ISO) has developed a procedure for dealing with co-product 
allocation in the 14044 standard for LCA (ISO, 2006). The applied methodologies for allocation 
can be broadly classified as I) economic allocation: as the most common method of allocation 
(de Vries and de Boer, 2010), the environmental impacts of a multi-product system are allocated 




or gross energy allocation), III) system expansion, and IV) biophysical allocation (Mackenzie 
et al., 2017). 
 
Varieties of studies have performed LCA to assess the environmental impacts of livestock 
products such as chicken (Leinonen et al., 2012; Tallentire et al., 2017), beef (Casey and 
Holden, 2006; de Vries et al., 2015), eggs (Mollenhorst et al., 2006; Leinonen et al., 2012), 
milk (Basset-Mens et al., 2005; Thomassen et al., 2008),  fish (Besson et al., 2016; Besson et 
al., 2017), and pigs products, with different system boundaries, methods and functional units. 
Due to the focus of this thesis, the studies on pig products are reviewed in the next section.  
 
 
 Life cycle assessments applied to pig production 
 
Life cycle assessments have been applied by the researchers to quantify the environmental 
impacts of the pig production supply chain, as a whole or partially. In these studies, the entire 
cradle-to-farm gate pig systems, or partial system boundaries such as feed production and waste 
management, were assessed. Tables 1 and 2 list some LCA studies on pig products with 
different scopes and functional units, from the review by McAuliffe et al. (2016) augmented 
with more recent studies. Most of the early studies allowed to identify the main categories of 
the environmental impacts of pig production, at the farm level and at the feed production level, 
GWP, AP, EP and LO, as mentioned in previous sections. Some of these studies related to pig 
production systems are detailed in this section. 
 
Using LCA, several feeding scenarios including changes in diet composition and feeding 
plan were investigated. The reduction in crude protein and P of feed is one of the key targets 
for improvement in environmental impacts related to pig production, achieved through 
incorporation of specialty feed ingredient in feed, including synthetic AAs and phytase 
(Kebreab et al., 2016). Using LCA have shown that a partial replacement of soybean meal with 
synthetic AAs could reduce environmental impacts through reduction of N and associated 
nitrogen oxide and ammonia emissions (Garcia-Launay et al., 2014; Reckmann et al., 2016). 




investigated using LCA by several authors (Eriksson, 2005; Garcia-Launay et al., 2014). The 
potential environmental effects of switching from conventional to precision feeding system in 
fattening pigs using LCA showed that precision feeding can be effective to improve 
environmental sustainability in pig production (Monteiro et al. 2016; Andretta et al., 2018; 
Pomar and Remus 2019).  
 
The pig systems across the globe have often been investigated using LCA on the whole supply 
chain, including feed production and manure management, rather than partial system 
boundaries (McAuliffe et al., 2016). For instance, an LCA on three types of pig farming systems 
in France of good agricultural practices (GAP), organic agriculture (OA) and the red label (RL) 
was performed, and showed that RL is preferable for AP and EP (Basset-Mens and van der 
Werf, 2005). Dourmad et al., (2014) conducted an LCA to analyse four scenarios of intensive 
production (conventional), adapted for more extensive and welfare (adapted conventional), 
outdoor breeding (traditional) and organic production in Spain, Germany, France, Denmark and 
the Netherland. They reported lower global (LO, GWP and energy use) and local (AP and EP) 
impacts for the conventional system per kg live weight (LW) compared to the other systems. 
Some values of environmental impacts for producing one kg live pig at the farm gate were 
reported by de Vries and de Boer (2010) for GWP in the range of 2.3 to 5.0 kg CO2-eq/kg LW; 
for AP in the range of 8 to 120 g SO2-eq/kg LW; for EP in the range of 12 to 38 g PO4-eq/kg 
LW; and for LO in the range of 4.2 to 6.9 m2/kg LW, for typical European production farms. 
Mackenzie et al. (2015) applied LCA to account for uncertainty in the calculation of the 
environmental impacts of two western and eastern regional pig-farming systems of Canada. 
Reckmann et al. (2013) applied LCA to investigate the impacts of each life cycle stage of pig 
including farrowing, weaning and fattening, and showed that the highest environmental impacts 
came from the fattening stage. Recently, Ottosen et al. (2020), in a first study to incorporate 
genetics in pig LCA, evaluated the environmental impacts of changes in correlated genetic traits 
in pigs systems using LCA and showed higher importance for fattening growth rate and body 
protein-to-lipid ratio, and lesser importance for sow robustness and mortalities in reducing 
environmental impacts. 
 
The LCA has been also applied at the diet level, as a tool for diet optimisation procedures. 
Following the integration of a diet formulation algorithm and life cycle inventory by Nguyen 




as a module to simulate growth profiles of pigs fed different diets, along with a diet formulation 
algorithm to formulate diets for pigs with the single objective optimisation of minimizing GWP. 
To go one step further and predict the nutrient excretion of the diets once fed to the pigs, 
Mackenzie et al. (2016) developed a nitrogen excretion estimator to integrate to a diet 
formulation procedure. Moreover, to consider multiple impact categories in diet formulation 
and environmental optimisation, an environmental impact score was introduced and applied by 
Mackenzie et al. (2016). Finally, in 2018, Garcia-Launay et al. introduced a multiobjective diet 
formulation through integrating the diet cost and an environmental impact score of the diet in a 
unified objective function, which enabled to find the trade-off between diet cost and 





Study Scope (system boundary)  Functional unit 
Van der Werf et al. 
(2005) 
Raw material extraction and 
delivery of feed to the pig farm 
1000 kg feed for pig 
consumption 
Nielsen and Wenzel 
(2006) 
Raw material extraction to the 
production of Ronozyme Phytase 
1 kg Ronozyme Phytase 
Dalgaard et al. (2007) 
Crop production to delivery of 
pork to Port Harwich in Britain 
1 kg live weight pig  
Perez (2009) Crop production to pig farm gate 1000 kg live weight pig  
Lopez-Ridaura et al. 
(2009) 
Manure storage to utilisation 1 m3 raw pig slurry 
Prapaspongsa et al. 
(2010) 
Manure treatment to land 
application 
1000 kg raw pig slurry 
Mosnier et al. (2011) 
Raw material extraction to the 
feed factory 
1 kg feed at the feed factory 
gate 
Meul et al. (2012) 
Crop production to the 
production of compound feed 
1000 kg compound feed at 
the feed factory gate 
De Vries and Vinken 
(2012) 
Manure storage to utilisation 
1000 kg substrate added to 
the digester 
Bayo et al. (2012) 
Transport of slurry to receiving 
lands and subsequent utilisation 
1 m3 pig slurry 
De Vries et al. (2013) 
Liquid manure storage to 
manure application 
1000 kg pig slurry 
Wesnæs et  al. (2013) 
Storage of pig manure to manure 
application 
1000 kg fattening pig slurry 
Brockmann et al. 
(2014) 
Storage of pig manure to manure 
treatment and/or application 
1 m3 pig slurry 
Lijó et al. (2014) 
Biomass production to digestate 
management including pig slurry 
as co-substrate 
100 kWh electricity from 
biogas 
in a combined heat and 
power unit 
Luo et al. (2014) 
Feed production to slurry 
treatment and utilisation 
1956 pig livestock units 
(1 livestock units = 500 kg) 
Rodriguez-Verde et 
al. (2014) 
Manure and co-substrate storage 
to treatment and utilisation 
 
110,000 t/year pig manure 
providing 500 kWe at 
digester 
Ten Hoeve et al. 
(2014) 
Slurry storage to treatment 
and/or utilisation 
1000 kg pig slurry 
 
Table 1. Sample of LCA studies on pig production with different scopes and functional units 
related to pig feed and feeding products, and pig manure, reviewed by McAuliffe et al. (2016) 





Study Scope (system boundary)  Functional unit 
Cederberg et al. 
(2005) 
Raw material extraction to 
the pig farm gate 
1 kg of bone- and fat-free meat 
Eriksson et al. 
(2005) 
Feed production to the pig 
farm gate 
1 kg growth between 29 and 115 kg 
Basset-Mens and 
Van der Werf 
(2005) 
Crop production to pig farm 
gate 
1 kg live weight pig  
Williams et al. 
(2006) 
Crop production to pig farm 
gate 
1000 kg carcass weight 
Dalgaard et al. 
(2007) 
Crop production to delivery 
of pork to Port Harwich in 
Britain 
1 kg live weight pig 
Perez (2009) 
Crop production to pig farm 
gate 
1000 kg live weight pig  
Wiedemann et al. 
(2010) 
Crop production to 
slaughterhouse 
1 kg carcass weight at the meat processor 
gate 
Halberg et al. 
(2010) 
Crop production to pig farm 
gate 
1 kg live weight pig  
Nguyen et al. 
(2010) 
Crop production to pig farm 
gate 
1 kg live weight pig 
Pelletier et al. 
(2010) 
Crop production to pig farm 
gate 
1 kg live weight pig  
Nguyen et al. 
(2010) 
Pig farming within the farm 
gate 
1 kg live weight pig 
Stone et al. (2011) 
Antimicrobial production to 
manure management 
Life cycle of 1 pig (7 kg - 111 kg market 
weight) 
Nguyen et al. 
(2011) 
Crop production to 
slaughterhouse gate 
1 kg pork delivered from the 
slaughterhouse 
Stephen (2012) 
Crop production and rearing 
of the pig to slaughter 
weight 
1 kg live weight pig  
Stone et al. (2012) 
Raw material extraction to 
manure management and 
utilisation 
1 grown pig from 29 kg to 118 kg market 
weight 
Devers et al. (2012) 
Crop production to delivery 
of pork to Antwerp in 
Belgium 
1 kg carcass weight  
Dolman et al. 
(2012) 
Crop production to pig farm 
gate 
100 kg live weight pig  
Ogino et al. (2013) 
 
Feed and amino acid 
production to manure 
management 
1 kg live weight pig from 1 marketed pig 
at 115 kg 
Jacobsen et al. 
(2014) 
Crop production to meat 
processor gate 
1 kg deboned meat 
Reckmann et al. 
(2013) 
Crop production to 
slaughterhouse gate 
1 kg pork slaughter weight 
Dourmad et al. 
(2014) 
Crop production to pig farm 
gate 




Dourmad et al. 
(2014) 
Cradle to farm gate 1 kg live weight pig  
Garcia-Launay et 
al. (2014) 
Cradle to farm gate 1 kg live weight pig  
Mackenzie et al. 
(2015) 
Cradle to farm gate 1 kg carcass weight 
Mackenzie et al. 
(2016) 
Cradle to farm gate 1 kg carcass weight 
Monteiro et al. 
(2016) 
Entire pig farming activity 1 kg of body weight gain 
McAuliffe et al. 
(2016) 
Cradle to farm gate 1 kg live weight pig  
Cadéro et al. 
(2017) 
Fattening unit  Each slaughtered pig 
Ottosen et al. 
(2020) 
Cradle to farm gate 1 kg live weight pig  
 
Table 2. Sample of LCA studies on pig production with different scopes and functional units 
related to pig meat products, reviewed by McAuliffe et al. (2016) plus more recent studies 
 
However, environmental impacts of improvement in feed efficiency of pigs through 
genetic selection, alone or combined with diet optimisation, has not been evaluated through a 
comprehensive cradle to farm gate LCA. Rather than performing LCA for an average or a 
typical representative of a group of pigs, individual LCA would allow to consider the variability 
of outcomes between pig profiles. Considering the variation of performance traits among 
individual pigs through performing individual LCA for a pig population could provide insights 
about the linkage between the traits and the environmental impacts to later define sustainable 
breeding goals and selection index.  
For sustainability assessment, to find out how economic and environmental impacts are 




 Economic assessment 
 
The profitability is the most important aspect of pig farming for the farm owners. For 
economic assessment at the individual or farm level, an economic model is required. Variety of 




Optimisations in feeding and shipping strategies (Niemi, 2006; Davoudkhani et al., 2020), pig 
delivery weight (Leen et al., 2018; Nadal-Roig et al., 2019), dietary composition (Morel et al., 
2012) have addressed some economic improvements in fattening pigs. Modelling for economic 
assessment of pig farm as a biological system, ie to obtain a bio-economical model, will be 
described in the next section.  
 
Economic performance of a pig production system, resulting from biological processes, 
expressed as profit per pig (Houška et al., 2004) or cost per unit per production (de Vries, 1989), 
can be evaluated with bio-economic models (Kragt, 2012). They simulate the interaction 
between the economic and biological components and provide a general perspective of a 
production system (Ali et al., 2018), while biological parameters are at the core of the model 
(Hanson, 2019). A bio-economic model can be developed and classified according to 
methodological approaches, type of programing and methods. In the objective approach, a 
system of equations is applied to represent the internal links between the component of the 
production system (Kragt, 2012; Michaličková et al., 2016). In the subjective approach, the 
economic value of a trait is obtained from required genetic gain for that trait (Simm et al., 1987). 
The normative approach, which is based on actual data, is preferable to the positive approach, 
which relies on huge amount of historical data (Michaličková et al., 2016). A bio-economic 
model can also rely on a stochastic approach, in which the input parameters are described by 
their mean and variability (Jones et al., 2004), a deterministic approach which is based on the 
average values of the input parameters (Brascamp, 1978), or a combination of stochastic and 
deterministic approaches (Michaličková et al., 2016). Linear programing (Fisher, 2001) is more 
popular in bio-economic studies (Berentsen et al., 1997; Acs et al., 2007; Janssen and Ittersum, 
2007) than dynamic programing (Veerkamp et al., 1995).  
 
The application of bio-economic models has been expanded to cover farm management 
and environmental impacts. In the concept of bio-economic model, Janssen et al., (2007) 
proposed the term of bio-economic farm model (BEFM) to integrate economic, management 
and biological components of a production system. The BEFM is a useful tool for evaluating 
ex-post or making ex-ante economic assessments of outcomes of changes in the farm systems 
in terms of policy, technology or farm plan (Janssen et al., 2010). The BEFMs could be 
classified as mechanistic or empirical, normative or positive, simple or complex, generic or 




2010; Janssen et al., 2010; Calderón Díaz et al., 2019). There, a mechanistic model is developed 
on exiting theory and knowledge of farms occurring processes, while an empirical model is 
built based on the patterns found in the historical observed data through extrapolation (Austin 
et al., 1998). 
 
If the bio-economic model is expressed in a single equation, it is known as a profit 
function (Quinton et al., 2006; Wolf et al., 2013). Compared to multiple equation bio-economic 
model, it is simpler in interpretation of the results (Dekkers et al., 2004). A profit function can 
quantify the relative importance of performance traits for the profit of the production system, 
which can be used for instance as economic weights to derive a selection index. In this case, 
the economic weight of the trait, which represents the change in profit due to a change in the 
performance trait (per unit or per standard deviation) keeping all other traits constant, can be 
calculated directly from the first derivative of the profit function with respect to the other traits 
(Moav and Hill, 1966; Brascamp et al., 1985; Houška et al., 2004; Knap, 2005; Besson et al., 
2014, 2020). Through this, Hermesch et al., (2003, 2014) and Amer et al. (2014) calculated 
economic weights of maternal traits of sows and  performance and survival traits of fattening 
pigs. 
 
Generally, to design of breeding goals for genetic selection, the economic weights of the 
traits affecting profit are derived from profit function, excluding environmental and social costs 
(Ali et al., 2017). More sustainable pig production farms are expected from the pushing lever 
of policy regulation (obliged, subsidised, rewarded or punished), and the pulling lever of 
consumer demand for sustainable pork. Considering a joint economic-environment sustainable 
breeding goal, rather than a single economic breeding goal, may modify the choice of targeted 
traits in breeding goals and their weights, as well as the structure of the selection index. In other 
words, taking into account the environmental costs may re-rank the traits and offer alternative 
breeding goal and selection direction in favour of traits correlated to sustainable pig production. 
As another expansion of the application of bio-economic models, beyond being used for 
economic assessment and genetic index, a bio-economic model can be recruited to assess jointly 
the economic and environmental impacts (Falconer and Hodge, 2001; Wossink et al., 2001; 
Quinton et al., 2006; Janssen and Ittersum, 2007). For example, Ali et al., (2018) have 
considered environmental impacts as costs in a bio-economic model of pig production, by 




CO2. However, due to uncertainty on the cost of all categories of environmental impacts, and 
lack of universal and standardised guidelines on that matter, monetising of environmental 
impacts is not a conventional approach. 
 
Accordingly, economic and environmental assessments of pig production should be 
performed through separate bio-economic and LCA models. To assess the economic impacts 
of pig selection for feed efficiency, alone or combined with diet optimisation, a bio-economic 







 Thesis aims  
The aim of this thesis was to evaluate breeding strategies for feed efficiency in terms of 
environmental impacts and economy, to get insights about the consequences of selection for 
feed efficiency, alone or combined with diet optimisation. The ultimate goal was to identify 
levers for future sustainable scenarios for pig production. This project was developed in the 
frame of the SusPig project, an ERANet SusAn project funded in 2017 via the French National 
Research Agency. 
 
The aim was fulfilled through pursuing the following objectives: 
1- Environmental assessment at the individual level to evaluate the genetic 
selection for feed efficiency. To comply this objective, an individual trait-based LCA model 
was developed, flexible enough for performing individual LCA (Chapter 2). 
 
2- Environmental optimisation of combinations of genetic line and diets, and 
corresponding LCA assessment. To fulfil this objective, an approach for diet optimisation for 
multiple environmental and economic objectives was developed to meet genetic nutritional 
requirements (Chapter 3).  
 
3- Economic and environmental assessment and optimisation of the combinations 
of genetic line and diet. For economic assessment at the individual level, an individual trait 
based bio-economic model was developed based on a profit model (Chapter 4).  
 
These different objectives will be separately developed in each of the three next chapters, 






Ali, B. M., P. B. M. Berentsen, J. W. M. Bastiaansen, and A. Oude Lansink. 2017. A stochastic 
bio-economic pig farm model to assess the impact of innovations on farm performance. 
Anim. Int. J. Anim. Biosci. 12:819–830. doi:10.1017/S1751731117002531. 
Ali, B. M., Y. de Mey, J. W. M. Bastiaansen, and A. G. J. M. O. Lansink. 2018. Effects of 
incorporating environmental cost and risk aversion on economic values of pig breeding 
goal traits. J. Anim. Breed. Genet. 135:194–207. doi:10.1111/jbg.12331. 
Amer, P. R., C. I. Ludemann, and S. Hermesch. 2014. Economic weights for maternal traits of 
sows, including sow longevity. J. Anim. Sci. 92:5345–5357. doi:10.2527/jas.2014-7943. 
Andretta, I., L. Hauschild, M. Kipper, P. G. S. Pires, and C. Pomar. 2018. Environmental 
impacts of precision feeding programs applied in pig production. animal. 12:1990–1998. 
doi:10.1017/S1751731117003159. 
Andretta, I., M. Kipper da Silva, L. Hauschild, C. Lehnen, A. Remus, and R. Melchior. 2016. 
Meta-analysis of individual and combined effects of mycotoxins on growing pigs. Sci. 
Agric. 73:328–331. doi:10.1590/0103-9016-2015-0132. 
Andretta, I., M. Kipper, C. R. Lehnen, L. Hauschild, M. M. Vale, and P. A. Lovatto. 2012. 
Meta-analytical study of productive and nutritional interactions of mycotoxins in growing 
pigs. animal. 6:1476–1482. doi:10.1017/S1751731111002278. 
Auberger, J., C. Haese, G. Gésan Guiziou, and J. Aubin. 2013. MEANS : une plateforme 
informatique INRA pour l’analyse multicritère de la durabilité des systèmes agricoles et 





Aulinas, M., C. Turon, and M. Sànchez-Marrè. 2009. Agents as a Decision Support Tool in 
Environmental Processes: The State of the Art. In: U. Cortés and M. Poch, editors. 
Advanced Agent-Based Environmental Management Systems. Birkhäuser, Basel. p. 5–
35. Available from: https://doi.org/10.1007/978-3-7643-8900-0_2 
Austin, E. J., J. Willock, I. J. Deary, G. J. Gibson, J. B. Dent, G. Edwards-Jones, O. Morgan, 
R. Grieve, and A. Sutherland. 1998. Empirical models of farmer behaviour using 
psychological, social and economic variables. Part I: linear modelling. Agric. Syst. 
58:203–224. doi:10.1016/S0308-521X(98)00066-3. 
Barea, R., S. Dubois, H. Gilbert, P. Sellier, J. van Milgen, and J. Noblet. 2010. Energy 
utilization in pigs selected for high and low residual feed intake. J. Anim. Sci. 88:2062–
2072. doi:10.2527/jas.2009-2395. 
Bartoš, P., A. Dolan, L. Smutný, M. Šístková, I. Celjak, M. Šoch, and Z. Havelka. 2016. Effects 
of phytogenic feed additives on growth performance and on ammonia and greenhouse 
gases emissions in growing-finishing pigs. Anim. Feed Sci. Technol. 212:143–148. 
doi:10.1016/j.anifeedsci.2015.11.003. 
Basset-Mens, C., S. Ledgard, and A. Carran. 2005. First life cycle assessment of milk 
production from New Zealand dairy farm systems. 
Basset-Mens, C., and H. M. G. van der Werf. 2005. Scenario-based environmental assessment 
of farming systems: the case of pig production in France. Agric Ecosyst Env. 105:127–
144. doi:10.1016/j.agee.2004.05.007. 
Bayo, J., M. D. Gómez-López, A. Faz, and A. Caballero. 2012. Environmental assessment of 
pig slurry management after local characterization and normalization. Journal of Cleaner 




Berentsen, P. B. M., G. W. J. Giesen, and J. A. Renkema. 1997. Economic and environmental 
consequences of technical and institutional change in Dutch dairy farming. Neth. J. Agric. 
Sci. 45:361–379. doi:10.18174/njas.v45i3.511. 
van den Bergh, J. C. J. M., and H. Verbruggen. 1999. Spatial sustainability, trade and indicators: 
an evaluation of the ‘ecological footprint.’ Ecol. Econ. 29:61–72. doi:10.1016/S0921-
8009(99)00032-4. 
Berry, D. P., and J. J. Crowley. 2013. Cell Biology Symposium: genetics of feed efficiency in 
dairy and beef cattle. J. Anim. Sci. 91:1594–1613. doi:10.2527/jas.2012-5862. 
Besson, M., J. Aubin, H. Komen, M. Poelman, E. Quillet, M. Vandeputte, J. A. M. van 
Arendonk, and I. J. M. de Boer. 2016. Environmental impacts of genetic improvement of 
growth rate and feed conversion ratio in fish farming under rearing density and nitrogen 
output limitations. J. Clean. Prod. 116:100–109. doi:10.1016/j.jclepro.2015.12.084. 
Besson, M., I. J. M. de Boer, M. Vandeputte, J. A. M. van Arendonk, E. Quillet, H. Komen, 
and J. Aubin. 2017. Effect of production quotas on economic and environmental values 
of growth rate and feed efficiency in sea cage fish farming. PLOS ONE. 12:e0173131. 
doi:10.1371/journal.pone.0173131. 
Besson, M., H. Komen, J. Aubin, I. J. M. Boer, M. Poelman, E. Quillet, C. Vancoillie, M. 
Vandeputte, and J. Arendonk. 2014. Economic values of growth and feed efficiency for 
fish farming in recirculating aquaculture system with density and nitrogen output 
limitations: a case study with African catfish (Clarias gariepinus). J. Anim. Sci. 92:5394–
405. doi:10.2527/jas.2014-8266. 
Bidanel J-P, Silalahi P, Tribout T, Canario L, Ducos A, Garreau H, Gilbert H, Larzul C, Milan 
D, Riquet J, Schwob S, Mercat M-J, Hassenfratz C, Bouquet A, Bazin C and Bidanel J 
2020. Cinquante années d’amélioration génétique du porc en France : bilan et 
perspectives. INRAE Productions Animales 33. 
de Boer, I. J. M. 2003. Environmental impact assessment of conventional and organic milk 
production. Livest. Prod. Sci. 80:69–77. doi:10.1016/S0301-6226(02)00322-6. 
Boisen, S. 2007. A new concept for practical feed evaluation systems. New Concept Pract. Feed 
Eval. Syst. Available from: https://www.cabdirect.org/cabdirect/abstract/20073222170 
Brascamp, E. W. 1978. Methods on economic optimization of animal breeding plans. Research 
Institute for Animal Husbandry.Netherlands, p.117. Netherlands, Netherlands. 
Brascamp, E. W., C. Smith, and D. R. Guy. 1985. Derivation of economic weights from profit 
equations. Anim. Sci. 40:175–179. doi:10.1017/S0003356100031986. 
Brockmann, D., M. Hanhoun, O. Négri, and A. Hélias. 2014. Environmental assessment of 
nutrient recycling from biological pig slurry treatment – Impact of fertilizer substitution 
and field emissions. Bioresource Technology. 163:270–279. 
doi:10.1016/j.biortech.2014.04.032. 
Cadéro, A., A. Aubry, L. Brossard, J. Y. Dourmad, Y. Salaün, and F. Garcia-Launay. 2018. 
Modelling interactions between farmer practices and fattening pig performances with an 
individual-based model. Comput Electron Agric. 12:1277–1286. 
doi:10.1017/S1751731117002920. 
Cai, W., D. S. Casey, and J. C. M. Dekkers. 2008. Selection response and genetic parameters 
for residual feed intake in Yorkshire swine. J. Anim. Sci. 86:287–298. 
doi:10.2527/jas.2007-0396. 
Calderón Díaz, J. A., L. Shalloo, J. K. Niemi, I. Kyriazakis, M. McKeon, G. McCutcheon, A. 
Bohan, and E. G. Manzanilla. 2019. Description, evaluation, and validation of the 
Teagasc Pig Production Model. J. Anim. Sci. 97:2803–2821. doi:10.1093/jas/skz163. 
Casey, J. W., and N. M. Holden. 2006. Greenhouse gas emissions from conventional, agri-





Cassidy, E. S., P. C. West, J. S. Gerber, and J. A. Foley. 2013. Redefining agricultural yields: 
from tonnes to people nourished per hectare. Environ. Res. Lett. 8:034015. 
doi:10.1088/1748-9326/8/3/034015. 
Cederberg, C., M. Wivstad, P. Bergkvist, B. Mattsson, and K. Ivarsson. 2005. Environmental 
Assessment of Plant Protection Strategies Using Scenarios for Pig Feed Production. ambi. 
34:408–413. doi:10.1579/0044-7447-34.4.408. 
Cole, D. J. A., J. E. Duckworth, and W. Holmes. 1967. Factors affecting voluntary feed intake 
in pigs. I. The effect of digestible energy content of the diet on the intake of castrated 
male pigs housed in holding pens and in metabolism crates. Anim. Sci. 9:141–148. 
doi:10.1017/S000335610003840X. 
Colomb, V., H. van der werf, A. Gac, J. Mousset, A. Tailleur, and A. Wilfart. 2016. How to 
reconcile eco-design and eco-labelling in LCI database construction? AGRIBALYSE 
experience and links with database harmonization initiatives. 10th International 
Conference on Life Cycle Assessment of Food 2016, Dublin, Ireland. 
Crews, D. H. D. 2005. Genetics of efficient feed utilization and national cattle evaluation: a 
review. Genet. Mol. Res. GMR. 4:152–165. 
Dalgaard, R., N. Halberg, and J. Hermansen. 2007. Danish pork production. An environmental 
assessment. DJF Anim. Sci. 82:1–34. 
Devers, L., T. E. Kleynhans, and E. Mathijs. 2012. Comparative life cycle assessment of 
Flemish and Western Cape pork production. Agrekon. 51:105–128. 
doi:10.1080/03031853.2012.741208. 
Davoudkhani, M., F. Mahé, J. Y. Dourmad, A. Gohin, E. Darrigrand, and F. Garcia-Launay. 
2020. Economic optimization of feeding and shipping strategies in pig-fattening using an 
individual-based model. Agric. Syst. 184:102899. doi:10.1016/j.agsy.2020.102899. 
Dekkers, J. C. M., J. P. Gibson, and P. Bijma. 2004. Design and optimisation of animal breeding 
programmes. Lecture notes for AnS 652 A and B, S05, Ames, USA: Iowa State 
University. 300. 
Do, D. N., A. B. Strathe, J. Jensen, T. Mark, and H. N. Kadarmideen. 2013. Genetic parameters 
for different measures of feed efficiency and related traits in boars of three pig breeds. J. 
Anim. Sci. 91:4069–4079. doi:10.2527/jas.2012-6197. 
Do, D. N., A. B. Strathe, T. Ostersen, S. D. Pant, and H. N. Kadarmideen. 2014. Genome-wide 
association and pathway analysis of feed efficiency in pigs reveal candidate genes and 
pathways for residual feed intake. Front. Genet. 5. doi:10.3389/fgene.2014.00307. 
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4159030/ 
Dolman, M. A., H. C. J. Vrolijk, and I. J. M. de Boer. 2012. Exploring variation in economic, 
environmental and societal performance among Dutch fattening pig farms. Livestock 
Science. 149:143–154. doi:10.1016/j.livsci.2012.07.008. 
Dong Y, Miraglia S, Manzo S, et al. 2018. Environmental sustainable decision making– The 
need and obstacles for integration of LCA into decision analysis. Environmental Science 
& Policy 87:33–44. https://doi.org/10.1016/j.envsci.2018.05.018 
Dourmad, J. Y., N. Guingand, P. Latimier, and B. Sève. 1999. Nitrogen and phosphorus 
consumption, utilisation and losses in pig production: France. Livest. Prod. Sci. 58:199–
211. doi:10.1016/S0301-6226(99)00009-3. 
Dourmad, J. Y., J. Ryschawy, T. Trousson, M. Bonneau, J. Gonzàlez, H. W. J. Houwers, M. 
Hviid, C. Zimmer, T. L. T. Nguyen, and L. Morgensen. 2014. Evaluating environmental 
impacts of contrasting pig farming systems with life cycle assessment. Anim. Int. J. Anim. 
Biosci. 8:2027–2037. doi:10.1017/S1751731114002134. 
Ekvall, T., and B. P. Weidema. 2004. System boundaries and input data in consequential life 




Eriksson, I. S. 2005. Environmental Systems Analysis of Pig Production - Development and 
application of tools for evaluation of the environmental impact of feed choice - Doctoral 
dissertation. ISSN 1401-6249, ISBN 91-576-6771-3. Int. J. Life Cycle Assess. 10:224–
224. doi:10.1065/lca2005.03.005. 
Falconer, K., and I. Hodge. 2001. Pesticide taxation and multi-objective policy-making: farm 
modelling to evaluate profit/environment trade-offs. Ecol. Econ. 36:263–279. 
doi:10.1016/S0921-8009(00)00236-6. 
FAO. 2017. FAO, 2017. World Livestock (2017) – Livestock in Food Security. FAO. Available 
from: https://www.cabdirect.org/cabdirect/abstract/20113401059 
Ferket, P., E. Heugten, and C. Angel. 2002. Nutritional strategies to reduce environmental 
emissions from nonruminants1,2. J. Anim. Sci. 80. 
Fisher, J. W. 2001. An Economic Comparison of Production Systems for Sheep. Can. J. Agric. 
Econ. Can. Agroeconomie. 49:327–336. doi:https://doi.org/10.1111/j.1744-
7976.2001.tb00309.x. 
Foley, J., N. Ramankutty, K. Brauman, E. Cassidy, J. Gerber, M. Johnston, N. Mueller, C. 
O’Connell, D. Ray, P. West, C. Balzer, E. Bennett, S. Carpenter, J. Hill, C. Monfreda, S. 
Polasky, J. Rockström, J. Sheehan, S. Siebert, and D. Zaks. 2011. Solutions for a 
Cultivated Planet. Nature. 478:337–342. doi:10.1038/nature10452. 
Fredeen, H. T. 1972. Factors influencing genetic gain. pig production. D. J. A. Cole. 
Pennsylvania State University Press, University Park. 
Garcia-Launay, F., L. Dusart, S. Espagnol, S. Laisse-Redoux, D. Gaudré, B. Méda, and A. 
Wilfart. 2018. Multiobjective formulation is an effective method to reduce environmental 
impacts of livestock feeds. Br J Nutr. 120:1298–1309. doi:10.1017/S0007114518002672. 
Garcia-Launay, F., H. M. G. van der Werf, T. T. H. Nguyen, L. Le Tutour, and J. Y. Dourmad. 
2014. Evaluation of the environmental implications of the incorporation of feed-use 
amino acids in pig production using Life Cycle Assessment. Livest. Sci. 161:158–175. 
doi:10.1016/j.livsci.2013.11.027. 
Gilbert, H., J. P. Bidanel, Y. Billon, H. Lagant, P. Guillouet, P. Sellier, J. Noblet, and S. 
Hermesch. 2012. Correlated responses in sow appetite, residual feed intake, body 
composition, and reproduction after divergent selection for residual feed intake in the 
growing pig. J. Anim. Sci. 90:1097–1108. doi:10.2527/jas.2011-4515. 
Gilbert, H., J. P. Bidanel, J. Gruand, J. C. Caritez, Y. Billon, P. Guillouet, H. Lagant, J. Noblet, 
and P. Sellier. 2007. Genetic parameters for residual feed intake in growing pigs, with 
emphasis on genetic relationships with carcass and meat quality traits. J. Anim. Sci. 
85:3182–3188. doi:10.2527/jas.2006-590. 
Gilbert, H., Y. Billon, L. Brossard, J. Faure, P. Gatellier, F. Gondret, E. Labussière, B. Lebret, 
L. Lefaucheur, N. Le Floch, I. Louveau, E. Merlot, M.-C. Meunier-Salaün, L. Montagne, 
P. Mormede, D. Renaudeau, J. Riquet, C. Rogel-Gaillard, J. van Milgen, A. Vincent, and 
J. Noblet. 2017. Review: divergent selection for residual feed intake in the growing pig. 
Anim. Int. J. Anim. Biosci. 11:1427–1439. doi:10.1017/S175173111600286X. 
Godfray, H. C. J., J. R. Beddington, I. R. Crute, L. Haddad, D. Lawrence, J. F. Muir, J. Pretty, 
S. Robinson, S. M. Thomas, and C. Toulmin. 2010. Food security: the challenge of 
feeding 9 billion people. Science. 327:812–818. doi:10.1126/science.1185383. 
González-García, S., S. Belo, A. Dias, J. Rodrigues, R. Costa, A. Ferreira, L. Andrade, and L. 
Arroja. 2015. Life cycle assessment of pigmeat production: Portuguese case study and 
proposal of improvement options. J. Clean. Prod. 100. doi:10.1016/j.jclepro.2015.03.048. 
Guinee, J. B. 2002. Handbook on life cycle assessment operational guide to the ISO standards. 





Gunsett, F. C. 1984. Linear Index Selection to Improve Traits Defined as Ratios. J. Anim. Sci. 
59:1185–1193. doi:10.2527/jas1984.5951185x. 
Halberg, N., J. E. Hermansen, I. S. Kristensen, J. Eriksen, N. Tvedegaard, and B. M. Petersen. 
2010. Impact of organic pig production systems on CO2 emission, C sequestration and 
nitrate pollution. Agron. Sustain. Dev. 30:721–731. doi:10.1051/agro/2010006. 
Hanson, T. 2019. Chapter 13 - Economics of Super-Intensive Recirculating Shrimp Production 
Systems. In: T. M. Samocha, editor. Sustainable Biofloc Systems for Marine Shrimp. 
Academic Press. p. 243–286. Available from: 
http://www.sciencedirect.com/science/article/pii/B9780128180402000137 
Hauschild, L., P. Lovatto, J. Pomar, and C. Pomar. 2012. Development of sustainable precision 
farming systems for swine: Estimating real-time individual amino acid requirements in 
growing-finishing pigs. J. Anim. Sci. 90:2255–63. doi:10.2527/jas.2011-4252. 
Hazel, L. N. 1943. The Genetic Basis for Constructing Selection Indexes. Genetics. 28:476–
490. 
Healy, B. J., J. D. Hancock, G. A. Kennedy, P. J. Bramel-Cox, K. C. Behnke, and R. H. Hines. 
1994. Optimum particle size of corn and hard and soft sorghum for nursery pigs. J. Anim. 
Sci. 72:2227–2236. doi:10.2527/1994.7292227x. 
Herd, R. M., V. H. Oddy, and E. C. Richardson. 2004. Biological basis for variation in residual 
feed intake in beef cattle. 1. Review of potential mechanisms. Aust. J. Exp. Agric. 
44:423–430. doi:10.1071/ea02220. 
Hermesch, S., E. Kanis, and J. J. Eissen. 2003. Economic weights for feed intake in the growing 
pig derived from a growth model and an economic model. J. Anim. Sci. 81:895–903. 
doi:10.2527/2003.814895x. 
Hermesch, S., C. I. Ludemann, and P. R. Amer. 2014. Economic weights for performance and 
survival traits of growing pigs. J. Anim. Sci. 92:5358–5366. doi:10.2527/jas.2014-7944. 
ten Hoeve, M., N. J. Hutchings, G. M. Peters, M. Svanström, L. S. Jensen, and S. Bruun. 2014. 
Life cycle assessment of pig slurry treatment technologies for nutrient redistribution in 
Denmark. Journal of Environmental Management. 132:60–70. 
doi:10.1016/j.jenvman.2013.10.023. 
Hoque, M. A., and K. Suzuki. 2008. Genetic parameters for production traits and measures of 
residual feed intake in Duroc and Landrace pigs. Anim. Sci. J. 79:543–549. 
doi:https://doi.org/10.1111/j.1740-0929.2008.00562.x. 
Houška, L., M. Wolfová, and J. Fiedler. 2004. Economic weights for production and 
reproduction traits of pigs in the Czech Republic. Livest. Prod. Sci. 85:209–221. 
doi:10.1016/S0301-6226(03)00128-3. 
Hume, D. A., C. B. A. Whitelaw, and A. L. Archibald. 2011. The future of animal production: 
improving productivity and sustainability. J. Agric. Sci. 149:9–16. 
doi:10.1017/S0021859610001188. 
IPCC. 2006. Intergovernmental  Panel  on  Climate  Change  (IPCC)  2006.  2006  IPCC 
guidelines for national greenhouse gas inventories (ed. Eggleston HS, Buendia L,Miwa 
K, Ngara T and Tanabe K), pp. 1–87. Volume 4–Agriculture, Forestry and Other Land 
Use, Chapter 10–Emissions from Livestock and Manure Management. IGES, Japan. 
ISO 14044 (2006): Environmental Management Life Cycle Assessment Requirements and 
Guidelines. ISO 14044:2006 (E). International Organization for Standardization, Geneva, 
Switzerland 
IFIP. Institut de la Filière porcine, Le Porc par les Chiffres, Edition 2020-2021 
Ivković, M., H. Wu, and S. Kumar. 2010. Bio-economic Modelling as a Method for 





Jacobsen, R., V. Vandermeulen, G. Van Huylenbroeck, and X. Gellynck. 2014. The Carbon 
Footprint of Pigmeat in Flanders. In: S. S. Muthu, editor. Assessment of Carbon Footprint 
in Different Industrial Sectors, Volume 1. Springer, Singapore. p. 167–189. Available 
from: https://doi.org/10.1007/978-981-4560-41-2_7 
Janssen, S. J. C., and M. K. van Ittersum. 2007. Assessing farm innovations and responses to 
policies: a review of bio-economic farm models. Agric. Syst. 94:622–636. 
doi:10.1016/j.agsy.2007.03.001. 
Janssen, S., K. Louhichi, A. Kanellopoulos, P. Zander, G. Flichman, H. Hengsdijk, E. Meuter, 
E. Andersen, H. Belhouchette, M. Blanco, N. Borkowski, T. Heckelei, J.-M. Hecker, H. 
Li, A. Oude Lansink, G. Stokstad, P. Thorne, H. van keulen, and M. K. Ittersum. 2010. 
A Generic Bio-Economic Farm Model for Environmental and Economic Assessment of 
Agricultural Systems. Environ. Manage. 46:862–77. doi:10.1007/s00267-010-9588-x. 
Jones, H. E., P. R. Amer, R. M. Lewis, and G. C. Emmans. 2004. Economic values for changes 
in carcass lean and fat weights at a fixed age for terminal sire breeds of sheep in the UK. 
Livest. Prod. Sci. doi:10.1016/j.livprodsci.2004.02.002. 
Kadarmideen, H. N., D. Schwörer, H. Ilahi, M. Malek, and A. Hofer. 2004. Genetics of 
osteochondral disease and its relationship with meat quality and quantity, growth, and 
feed conversion traits in pigs. J. Anim. Sci. 82:3118–3127. doi:10.2527/2004.82113118x. 
Kebreab, E., A. Liedke, D. Caro, S. Deimling, M. Binder, and M. Finkbeiner. 2016. 
Environmental impact of using specialty feed ingredients in swine and poultry 
production: A life cycle assessment. J. Anim. Sci. 94:2664–2681. doi:10.2527/jas.2015-
9036. 
Kennedy, B. W., J. H. van der Werf, and T. H. Meuwissen. 1993. Genetic and statistical 
properties of residual feed intake. J. Anim. Sci. 71:3239–3250. 
Kil, D. Y., F. Ji, L. L. Stewart, R. B. Hinson, A. D. Beaulieu, G. L. Allee, J. F. Patience, J. E. 
Pettigrew, and H. H. Stein. 2013. Effects of dietary soybean oil on pig growth 
performance, retention of protein, lipids, and energy, and the net energy of corn in diets 
fed to growing or finishing pigs. J. Anim. Sci. 91:3283–3290. doi:10.2527/jas.2012-5124. 
Knap, P. W. 2005. Breeding robust pigs. Aust. J. Exp. Agric. 45:763–773. 
doi:10.1071/EA05041. 
Koch, P., and T. Salou. 2015. AGRIBALYSE®: methodological report – Version 1.2. ADEME, 
Angers, France. 
Koch, R. M., L. A. Swiger, D. Chambers, and K. E. Gregory. 1963. Efficiency of Feed Use in 
Beef Cattle. J. Anim. Sci. 22:486–494. doi:10.2527/jas1963.222486x. 
Kragt, M. E. 2012. Bio-economic modelling: integrating economic and environmental systems. 
International Congress on Environmental Modelling and Software Managing Resources 
of a Limited Planet, Sixth Biennial Meeting. 9. Available from: /paper/Bioeconomic-
modelling%3A-Integrating-economic-and-
Kragt/ff8bd1b07278f18dca51e037b68d9ab2280eebdc 
Kyriazakis, I., and G. C. Emmans. 1995. The voluntary feed intake of pigs given feeds based 
on wheat bran, dried citrus pulp and grass meal, in relation to measurements of feed bulk. 
Br. J. Nutr. 73:191–207. doi:10.1079/BJN19950023. 
Labussière, E., S. Dubois, H. Gilbert, J. N. Thibault, N. L. Floc’h, J. Noblet, and J. van Milgen. 
2015. Effect of inflammation stimulation on energy and nutrient utilization in piglets 
selected for low and high residual feed intake. animal. 9:1653–1661. 
doi:10.1017/S1751731115000932. 
Lange, C. D. 2008. Efficiency of utilization of energy from protein and fiber in the pig - a case 





de Lange, C., and H. Birkett. 2005. Characterization of useful energy content in swine and 
poultry feed ingredients. Can. J. Anim. Sci. 85:269–280. doi:10.4141/A04-057. 
Le Bellego, L., J. van Milgen, and J. Noblet. 2002. Effect of high temperature and low-protein 
diets on the performance of growing-finishing pigs. J. Anim. Sci. 80:691–701. 
doi:10.2527/2002.803691x. 
Leen, F., A. Van den Broeke, M. Aluwé, L. Lauwers, S. Millet, and J. Van Meensel. 2018. 
Stakeholder-driven modelling the impact of animal profile and market conditions on 
optimal delivery weight in growing-finishing pig production. Agric. Syst. 162:34–45. 
doi:10.1016/j.agsy.2018.01.013. 
Leinonen, I., A. G. Williams, J. Wiseman, J. Guy, and I. Kyriazakis. 2012. Predicting the 
environmental impacts of chicken systems in the United Kingdom through a life cycle 
assessment: Broiler production systems. Poult. Sci. 91:8–25. doi:10.3382/ps.2011-01634. 
Leip, A., G. Billen, J. Garnier, B. Grizzetti, L. Lassaletta, S. Reis, D. Simpson, M. A. Sutton, 
W. de Vries, F. Weiss, and H. Westhoek. 2015. Impacts of European livestock 
production: nitrogen, sulphur, phosphorus and greenhouse gas emissions, land-use, water 
eutrophication and biodiversity. Environ. Res. Lett. 10:115004. doi:10.1088/1748-
9326/10/11/115004. 
Lesschen, J. P., M. van den Berg, H. Westhoek, H. P. Witzke, and O. Oenema. 2011. 
Greenhouse gas emission profiles of European livestock sectors. Animal Feed Science 
and Technology - ANIM FEED SCI TECH. 166:16–28. 
doi:10.1016/j.anifeedsci.2011.04.058. 
Lijó, L., S. González-García, J. Bacenetti, M. Fiala, G. Feijoo, J. M. Lema, and M. T. Moreira. 
2014. Life Cycle Assessment of electricity production in Italy from anaerobic co-
digestion of pig slurry and energy crops. Renewable Energy. 68:625–635. 
doi:10.1016/j.renene.2014.03.005. 
Lopez-Ridaura, S., H. van der Werf, J. Paillat, and B. Bris. 2009. Environmental evaluation of 
transfer and treatment of excess pig slurry by life cycle assessment. Journal of 
Environmental Management. 90:1296–1304. doi:10.1016/j.jenvman.2008.07.008. 
Luo, Y., H. Stichnothe, F. Schuchardt, G. Li, R. M. Huaitalla, and W. Xu. 2014. Life cycle 
assessment of manure management and nutrient recycling from a Chinese pig farm. 
Waste Manag Res. 32:4–12. doi:10.1177/0734242X13512715. 
Mackenzie, S. G., I. Leinonen, N. Ferguson, and I. Kyriazakis. 2015. Accounting for 
uncertainty in the quantification of the environmental impacts of Canadian pig farming 
systems. J. Anim. Sci. 93:3130–3143. doi:10.2527/jas.2014-8403. 
Mackenzie, S. G., I. Leinonen, N. Ferguson, and I. Kyriazakis. 2016. Towards a methodology 
to formulate sustainable diets for livestock: accounting for environmental impact in diet 
formulation. Br. J. Nutr. 115:1860–1874. doi:10.1017/S0007114516000763. 
Mackenzie, S., I. Leinonen, and I. Kyriazakis. 2017. The need for co-product allocation in the 
life cycle assessment of agricultural systems—is “biophysical” allocation progress? The 
International Journal of Life Cycle Assessment. 22. doi:10.1007/s11367-016-1161-2. 
Macleod, M., P., C. Gerber, A. Opio, G. Falcucci, B. Tempio, A. Henderson, Mottet, and H. 
Steinfield. 2013. Macleod, M., P. Gerber, C. Opio, A. Falcucci, G. Tempio, B. Henderson, 
A. Mottet, and H. Steinfield. 2013. Greenhouse gas emissions from pig and chicken 
supply chains. Food and Agriculture Organization of the United Nations, Rome, Italy. 
Martinsen, K. H., J. Ødegård, D. Olsen, and T. H. E. Meuwissen. 2015. Genetic variation in 
efficiency to deposit fat and lean meat in Norwegian Landrace and Duroc pigs. J. Anim. 
Sci. 93:3794–3800. doi:10.2527/jas.2015-9174. 
Mauch, Emily. D. 2018. The genetic basis of feed efficiency in swine divergently selected for 




Mavromichalis, I., J. D. Hancock, B. W. Senne, T. L. Gugle, G. A. Kennedy, R. H. Hines, and 
C. L. Wyatt. 2000. Enzyme supplementation and particle size of wheat in diets for nursery 
and finishing pigs. J. Anim. Sci. 78:3086. doi:10.2527/2000.78123086x. 
McAuliffe, G. A., D. V. Chapman, and C. L. Sage. 2016. A thematic review of life cycle 
assessment (LCA) applied to pig production. Environ. Impact Assess. Rev. 56:12–22. 
doi:10.1016/j.eiar.2015.08.008. 
Meul, M., C. Ginneberge, C. E. Van Middelaar, I. J. M. de Boer, D. Fremaut, and G. Haesaert. 
2012. Carbon footprint of five pig diets using three land use change accounting methods. 
Livestock Science. 149:215–223. doi:10.1016/j.livsci.2012.07.012. 
Meunier-Salaün, M. C., C. Guérin, Y. Billon, P. Sellier, J. Noblet, and H. Gilbert. 2014. 
Divergent selection for residual feed intake in group-housed growing pigs: characteristics 
of physical and behavioural activity according to line and sex. Animal. 8:1898–1906. 
doi:10.1017/S1751731114001839. 
Michaličková, M., Z. Krupová, E. Krupa, and L. Zavadilová. 2016. Economic weights as a tool 
for sustainable livestock farming. In: Slovak University of Agriculture in Nitra. p. 137–
143. Available from: Doi:10.15414/isd2016.s2.05 
Moav, R., and W. G. Hill. 1966. Specialised sire and dam lines. IV. Selection within lines. 
Anim. Sci. 8:375–390. doi:10.1017/S000335610003806X. 
Moe, A., K. Koehler, R. Bryan, T. Goddard, and L. Kryzanowski. 2014. Multi-criteria decision 
analysis of feed formulation for laying hens. 
Moehn, S., J. K. Atakora, and R. Ball. 2005. Using Net Energy for Diet Formulation: Potential 
for the Canadian Pig Industry. undefined. Available from: /paper/Using-Net-Energy-for-
Diet-Formulation%3A-Potential-Moehn-
Atakora/267d636c547e6b4dcbea33ff111941fd698cea2f 
Mollenhorst, D. H., P. B. M. Berentsen, and I. J. M. D. Boer. 2006. On-farm quantification of 
sustainability indicators: an application to egg production systems. Br. Poult. Sci. 47:405–
417. doi:10.1080/00071660600829282. 
Montagne, L., F. Loisel, T. Le Naou, F. Gondret, H. Gilbert, and M. Le Gall. 2014. Difference 
in short-term responses to a high-fiber diet in pigs divergently selected for residual feed 
intake. J. Anim. Sci. 92:1512–1523. doi:10.2527/jas.2013-6623. 
Monteiro, A. N. T. R., F. Garcia-Launay, L. Brossard, A. Wilfart, and J.-Y. Dourmad. 2016. 
Effect of feeding strategy on environmental impacts of pig fattening in different contexts 
of production: evaluation through life cycle assessment. J. Anim. Sci. 94:4832–4847. 
doi:10.2527/jas.2016-0529. 
Morel, P. C. H., D. Sirisatien, and G. R. Wood. 2012. Effect of pig type, costs and prices, and 
dietary restraints on dietary nutrient specification for maximum profitability in grower-
finisher pig herds: A theoretical approach. Livest. Sci. 148:255–267. 
doi:10.1016/j.livsci.2012.06.015. 
Mosnier, E., H. M. G. van der Werf, J. Boissy, and J.-Y. Dourmad. 2011. Evaluation of the 
environmental implications of the incorporation of feed-use amino acids in the 
manufacturing of pig and broiler feeds using Life Cycle Assessment. animal. 5:1972–
1983. doi:10.1017/S1751731111001078. 
Mrode, R. A., and B. W. Kennedy. 1993. Genetic variation in measures of food efficiency in 
pigs and their genetic relationships with growth rate and backfat. Anim. Sci. 56:225–232. 
doi:10.1017/S0003356100021309. 
Mullan, B. P., K. L. Moore, H. G. Payne, M. Trezona-Murray, J. R. Pluske, and J. C. Kim. 





Nadal-Roig, E., L. M. Plà-Aragonès, and A. Alonso-Ayuso. 2019. Production planning of 
supply chains in the pig industry. Comput. Electron. Agric. 161:72–78. 
doi:10.1016/j.compag.2018.08.042. 
Nguyen, N. H., C. P. McPhee, and C. M. Wade. 2005. Responses in residual feed intake in lines 
of Large White pigs selected for growth rate on restricted feeding (measured on ad libitum 
individual feeding). J. Anim. Breed. Genet. 122:264–270. 
Nguyen TLT, Hermansen JE and Mogensen L 2010. Fossil energy and GHG saving potentials 
of pig farming in the EU. Energy Policy 38, 2561–2571. 
Nguyen, T., J. Hermansen, and L. Mogensen. 2012. Environmental costs of meat production: 
The case of typical EU pork production. J. Clean. Prod. - J CLEAN PROD. 28. 
doi:10.1016/j.jclepro.2011.08.018. 
Niemi, J. K. 2006. A dynamic programming model for optimising feeding and slaughter 
decisions regarding fattening pigs. Agric. Food Sci. 15:121–121. 
doi:10.23986/afsci.5855. 
Nielsen, P. H., and H. Wenzel. 2006. Environmental assessment of Ronozyme® P5000 CT 
phytase as an alternative to inorganic phosphate supplementation to pig feed used in 
intensive pig production. Int J Life Cycle Assess. 12:514. doi:10.1065/lca2006.08.265.2. 
Noblet, J. 2007. Recent developments in net energy research for swine. Adv. Pork Prod. Proc. 
Banff Pork Semin. Available from: https://agris.fao.org/agris-
search/search.do?recordID=US201300765236 
Noblet, J., C. Karege, S. Dubois, and J. van Milgen. 1999. Metabolic utilization of energy and 
maintenance requirements in growing pigs: effects of sex and genotype. J. Anim. Sci. 
77:1208–1216. doi:10.2527/1999.7751208x. 
Noblet, J., and J. M. Perez. 1993. Prediction of digestibility of nutrients and energy values of 
pig diets from chemical analysis. J. Anim. Sci. 71:3389–3398. 
doi:10.2527/1993.71123389x. 
NRC. 2012. NRC. Nutrient Requirements of Swine. 11th Rev ed. Natl Acad. Press; 
Washington, DC, USA: 2012. 
Nyachoti, C., R. Zijlstra, C. de Lange, and J. Patience. 2004. Voluntary feed intake in growing-
finishing pigs: A review of the main determining factors and potential approaches for 
accurate predictions. Can. J. Anim. Sci. 84:549–566. doi:10.4141/A04-001. 
Ogino, A., T. Osada, R. Takada, T. Takagi, S. Tsujimoto, T. Tonoue, D. Matsui, M. Katsumata, 
T. Yamashita, and Y. Tanaka. 2013. Life cycle assessment of Japanese pig farming using 
low-protein diet supplemented with amino acids. Soil Science and Plant Nutrition. 
59:107–118. doi:10.1080/00380768.2012.730476. 
Oresanya, T. F., A. D. Beaulieu, and J. F. Patience. 2008. Investigations of energy metabolism 
in weanling barrows: the interaction of dietary energy concentration and daily feed 
(energy) intake. J. Anim. Sci. 86:348–363. doi:10.2527/jas.2007-0009. 
Ottosen M, Mackenzie SG, Wallace M, Kyriazakis I. 2020. A method to estimate the 
environmental impacts from genetic change in pig production systems. Int J Life Cycle 
Assess 25:523–537. https://doi.org/10.1007/s11367-019-01686-8 
O’Shea, C. J., T. Sweeney, B. Bahar, M. T. Ryan, K. Thornton, and J. V. O’Doherty. 2012. 
Indices of gastrointestinal fermentation and manure emissions of growing-finishing pigs 
as influenced through singular or combined consumption of Lactobacillus plantarum and 
inulin. J. Anim. Sci. 90:3848–3857. doi:10.2527/jas.2011-4461. 
Patience, J. F., and A. D. Beaulieu. 2005. “The Merits, Benefits and Challenges of Adopting 
the Net energy System in a North American Context,”6th Minnesota Nutrition 
Conference and Technical Symposium: Future of Corn In Animal Feed, Proceedings, 





Payraudeau, S., and H. van der Werf. 2005. Environmental impact assessment for a farming 
region : a review of methods. 
Pelletier, N., P. Lammers, D. Stender, and R. Pirog. 2010. Life cycle assessment of high- and 
low-profitability commodity and deep-bedded niche swine production systems in the 
Upper Midwestern United States. Agricultural Systems. 103:599–608. 
doi:10.1016/j.agsy.2010.07.001. 
Perez, R.O., 2009. Analysis of Sustainability in the Pig Production Chain: Life Cycle 
Assessment of Contrasting Scenarios. Newcastle University (PhD). 
Pomar, C., L. Hauschild, G.-H. Zhang, J. Pomar, and P. A. Lovatto. 2009. Applying precision 
feeding techniques in growing-finishing pig operations. Rev. Bras. Zootec. 38:226–237. 
doi:10.1590/S1516-35982009001300023. 
Pomar, C., J. Pomar, F. Dubeau, E. Joannopoulos, and J.-P. Dussault. 2014. The impact of daily 
multiphase feeding on animal performance, body composition, nitrogen and phosphorus 
excretions, and feed costs in growing-finishing pigs. Anim. Int. J. Anim. Biosci. 8:704–
713. doi:10.1017/S1751731114000408. 
Pomar C and Remus A (2019) Precision pig feeding: a breakthrough toward sustainability. 
Anim. Front 9:52–59. 
Prapaspognsa, T., P. Christensen, J. H. Schmidt, and M. Thrane. 2010. LCA of comprehensive 
pig manure management incorporating integrated technology systems. Journal of Cleaner 
Production. 18:1413–1422. doi:10.1016/j.jclepro.2010.05.015. 
Quiniou, N., and J. Noblet. 2012. Effect of the dietary net energy concentration on feed intake 
and performance of growing-finishing pigs housed individually. J. Anim. Sci. 90:4362–
4372. doi:10.2527/jas.2011-4004. 
Quinton, V. M., J. W. Wilton, J. A. Robinson, and P. K. Mathur. 2006. Economic weights for 
sow productivity traits in nucleus pig populations. Livest. Sci. 99:69–77. 
doi:10.1016/j.livprodsci.2005.06.002. 
Reckmann, K., R. Blank, I. Traulsen, and J. Krieter. 2016. Comparative life cycle assessment 
(LCA) of pork using different protein sources in pig feed. Arch. Anim. Breed. 59:27–36. 
doi:https://doi.org/10.5194/aab-59-27-2016. 
Reckmann, K., I. Traulsen, and J. Krieter. 2013. Life Cycle Assessment of pork production: A 
data inventory for the case of Germany. Livest. Sci. 157:586–596. 
doi:10.1016/j.livsci.2013.09.001. 
Renaudeau, D., G. Frances, S. Dubois, H. Gilbert, and J. Noblet. 2013. Effect of thermal heat 
stress on energy utilization in two lines of pigs divergently selected for residual feed 
intake. Journal of Animal Science. 91:1162–1175. doi:10.2527/jas.2012-5689. 
Rigolot, C., S. Espagnol, P. Robin, M. Hassouna, F. Béline, J. M. Paillat, and J.-Y. Dourmad. 
2010. Modelling of manure production by pigs and NH3, N2O and CH4 emissions. Part 
II: effect of animal housing, manure storage and treatment practices. Anim. Int. J. Anim. 
Biosci. 4:1413–1424. doi:10.1017/S1751731110000509. 
Rodriguez-Verde, I., L. Regueiro, M. Carballa, A. Hospido, and J. M. Lema. 2014. Assessing 
anaerobic co-digestion of pig manure with agro industrial wastes: The link between 
environmental impacts and operational parameters. Science of The Total Environment. 
497–498:475–483. doi:10.1016/j.scitotenv.2014.07.127. 
Rothschild, M. F., and A. Ruvinsky. 2011. The genetics of the pig: Second edition. 
Saintilan, R., I. Mérour, L. Brossard, T. Tribout, J. Y. Dourmad, P. Sellier, J. Bidanel, J. van 
Milgen, and H. Gilbert. 2013. Genetics of residual feed intake in growing pigs: 
Relationships with production traits, and nitrogen and phosphorus excretion traits. J. 




Simm, G., M. J. Young, and P. R. Beatson. 1987. An economic selection index for lean meat 
production in New Zealand sheep. Anim. Sci. 45:465–475. 
doi:10.1017/S0003356100002956. 
Stephen, K.L., 2012. Life Cycle Assessment of UK Pig Production Systems: The Impact of 
Dietary Protein Source. University of Edinburgh (MPhil). 
Steinfeld, H., T. Wassenaar, and S. Jutzi. 2006. Livestock production systems in developing 
countries: status, drivers, trends. Rev. Sci. Tech. Int. Off. Epizoot. 25:505–516. 
doi:10.20506/rst.25.2.1677. 
Stone, J. J., K. R. Aurand, C. R. Dollarhide, R. Jinka, R. C. Thaler, D. E. Clay, and S. A. Clay. 
2011. Determination of environmental impacts of antimicrobial usage for US Northern 
Great Plains swine-production facilities: a life-cycle assessment approach. Int J Life 
Cycle Assess. 16:27–39. doi:10.1007/s11367-010-0241-y. 
Stone, J. J., C. R. Dollarhide, J. L. Benning, C. Gregg Carlson, and D. E. Clay. 2012. The life 
cycle impacts of feed for modern grow-finish Northern Great Plains US swine production. 
Agricultural Systems. 106:1–10. doi:10.1016/j.agsy.2011.11.002. 
Tallentire, C. W., S. G. Mackenzie, and I. Kyriazakis. 2017. Environmental impact trade-offs 
in diet formulation for broiler production systems in the UK and USA. Agric. Syst. 
154:145–156. doi:10.1016/j.agsy.2017.03.018. 
Thomassen, M. A., R. Dalgaard, R. Heijungs, and I. de Boer. 2008. Attributional and 
consequential LCA of milk production. Int. J. Life Cycle Assess. 13:339–349. 
doi:10.1007/s11367-008-0007-y. 
van der Werf, H. M. G., J. Petit, and J. Sanders. 2005. The environmental impacts of the 
production of concentrated feed: the case of pig feed in Bretagne. Agricultural Systems. 
83:153–177. doi:10.1016/j.agsy.2004.03.005. 
Van der Westhuizen, R., J. Westhuizen, and S. Schoeman. 2004. Genetic variance components 
for residual feed intake and feed conversion ratio and their correlations with other 
production traits in beef bulls. South Afr. J. Anim. Sci. 34. doi:10.4314/sajas.v34i4.3962. 
Veerkamp, R. F., W. G. Hill, A. W. Stott, S. Brotherstone, and G. Simm. 1995. Selection for 
longevity and yield in dairy cows using transmitting abilities for type and yield. Anim. 
Sci. 61:189–197. doi:10.1017/S1357729800013710. 
Verstegen, M. W. A. 2001. Developments towards net energy systems in feeds and animals. 
Available from: http://agris.fao.org/agris-search/search.do?recordID=NL2012061676 
de Vries, A. 1989. A model to estimate economic values of traits in pig breeding. Livest. Prod. 
Sci. 21:49–66. doi:10.1016/0301-6226(89)90020-1. 
de Vries, M., and I. J. M. de Boer. 2010. Comparing environmental impacts for livestock 
products: A review of life cycle assessments. Livest. Sci. 128:1–11. 
doi:10.1016/j.livsci.2009.11.007. 
de Vries, J. W., A. J. A. Aarnink, P. W. G. Groot Koerkamp, and I. J. M. De Boer. 2013. Life 
cycle assessment of segregating fattening pig urine and feces compared to conventional 
liquid manure management. Environ Sci Technol. 47:1589–1597. 
doi:10.1021/es302951a. 
de Vries, J. W., T. M. W. J. Vinken, L. Hamelin, and I. J. M. De Boer. 2012. Comparing 
environmental consequences of anaerobic mono- and co-digestion of pig manure to 
produce bio-energy – A life cycle perspective. Bioresource Technology. 125:239–248. 
doi:10.1016/j.biortech.2012.08.124. 
de Vries, M., C. E. van Middelaar, and I. J. M. de Boer. 2015. Comparing environmental 
impacts of beef production systems: A review of life cycle assessments. Livest. Sci. 
178:279–288. doi:10.1016/j.livsci.2015.06.020. 
Wackernagel, M., and W. Rees. 1997. Our Ecological Footprint: Reducing Human Impact on 








Weishaupt A, Ekardt F, Garske B, Stubenrauch J, Wieding J. Land Use, Livestock, Quantity 
Governance, and Economic Instruments—Sustainability Beyond Big Livestock Herds 
and Fossil Fuels. Sustainability. 2020; 12(5):2053. https://doi.org/10.3390/su12052053 
Wesnæs, M., Hamelin, L., Wenzel, H., 2013. Life Cycle Inventory & Assessment Report: 
Separation of Digested Fattening Pig Slurry for Optimal P Concentration, Denmark. 
Syddansk Universitet. Institut for kemi-, bio- og miljøteknologi, Odense (85 p). 
Wiedemann, S., E. McGahan, S. Grist, and T. Grant. 2010. Environmental assessment of two 
pork supply chains using life cycle assessment. Rural Industries Research and 
Development Corporation, Barton, ACT, Australia. Available from: 
https://rirdc.infoservices.com.au/items/09-176. 
Williams, E. D., C. L. Weber, and T. R. Hawkins. 2009. Hybrid Framework for Managing 
Uncertainty in Life Cycle Inventories. J. Ind. Ecol. 13:928–944. 
doi:https://doi.org/10.1111/j.1530-9290.2009.00170.x. 
Williams, J. R. 1995. Williams, J. R. (1995) ‘The EPIC model’, in V. P. Singh (ed) Computer 
Models of Watershed Hydrology, Water Resources Publisher, CO, pp909–1000. 
Wolf, J., M. Wolfová, and E. Krupa. 2013. User’s Manual for the Program Package 
ECOWEIGHT (C Programs for Calculating Economic Weights in Livestock), Version 
6.0.4. Part 1: Programs EWBC (Version 3.0.4) and EWDC (Version 2.2.3) for Cattle. 
doi:10.13140/RG.2.2.17053.61922. 
Wondra, K. J., J. D. Hancock, K. C. Behnke, R. H. Hines, and C. R. Stark. 1995. Effects of 
particle size and pelleting on growth performance, nutrient digestibility, and stomach 
morphology in finishing pigs. J. Anim. Sci. 73:757–763. doi:10.2527/1995.733757x. 
Wossink, G. A. A., A. G. J. M. Oude Lansink, and P. C. Struik. 2001. Non-separability and 
heterogeneity in integrated agronomic–economic analysis of nonpoint-source pollution. 
Ecol. Econ. 38:345–357. doi:10.1016/S0921-8009(01)00170-7. 
Young, J. M., and J. C. M. Dekkers. 2012. The genetic and biological basis of residual feed 
intake as a measure of feed efficiency. In: J. F. Patience, editor. Feed efficiency in swine. 

















  Introduction   
 
This chapter aimed to develop an LCA model that could be used for individual 
assessment, and quantify how pig selection for feed efficiency has been effective in 
improvement of environmental impacts of pig production. As an alternative index to select for 
feed efficiency, RFI has been proposed by Koch et al. (1963) and its impacts on different aspects 
of production performance were reported in several studies (see the literature review for 
details). However the consequences of selection for reduced RFI on environmental impacts 
were not investigated through a holistic life cycle environmental assessment. Earlier studies 
considering feed efficiency mainly evaluated the joint reduction of environmental impacts and 
FCR, as a main feed efficiency indicator, related to changes in management or feeding practices 
(Hauschild et al., 2012; Pomar and Remus 2019; Monteiro et al., 2016), and ignored the innate 
performance individual variability between pigs. The aim was fulfilled through developing an 
LCA model and running individual LCA on pigs from two genetic lines divergently selected 
for RFI. Working from individual performances of pigs from divergent lines ensures that most 
of the differences observed between the groups arise from genetic differences, but also provides 
references about the variability of the environmental impacts and their correlations with the 
original performances.  
The parametric LCA model was developed with the SimaPro software, in which fattening 
individual growth performances were used as input parameters to the model, which enabled to 
perform individual trait based LCA. From this first development step, the InraPorc® software 
was incorporated as a preliminary module of the full model, for simulating growth performance 
traits from individual pig nutrient requirement profiles. This step guarantied consistency with 
using the NE system as the core of the LCA model, and provided flexibility for further 
combination of genetic and diet optimisation scenarios in next chapters.  
This work was communicated at EAAP (2019), in Ghent (Belgium) as a poster (chapter 
6, scientific communications), and is published in the journal Animal (2020). The 
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Abstract  
To identify a proper strategy for future feed efficient pig farming it is required to evaluate 
the ongoing selection scenarios. Tools are lacking for the evaluation of pig selection scenarios 
in terms of environmental impacts to provide selection guidelines for a more sustainable pig 
production. Selection on residual feed intake (RFI) has been proposed to improve feed 
efficiency and potentially reduce the associated environmental impacts. The aim of this study 
was thus to develop a model to account for individual animal performance in life cycle 
assessment methods to quantify the responses to selection. Experimental data were collected 
from the fifth generation of pig lines divergently selected for residual feed intake (RFI) (low 
line, more efficient pigs, LRFI; high line, less efficient pigs HRFI). The average feed conversion 
ratio (FCR) and daily feed intake of LRFI pigs were 7% lower than the average of HRFI pigs 
(P < 0.0001). A parametric model was developed for life cycle assessment (LCA) based on the 
dietary net energy fluxes in a pig system. A nutritional pig growth tool, InraPorc®, was included 
as a module in the model to embed flexibility for changes in feed composition, animal 
performance traits and housing conditions, and to simulate individual pig performance. The 
comparative individual based LCA showed that LRFI had an average of 7% lower 
environmental impacts per kg live pig at farm gate than HRFI (P < 0.0001) on climate change 
(CC), acidification potential (AP), freshwater eutrophication potential (EP), land occupation 
(LO) and water depletion (WD). High correlations between FCR and all environmental impact 
categories (> 0.95) confirmed the importance of improvement of feed efficiency to reduce 
environmental impacts. Significant line differences in all impact categories and moderate 
correlations with impacts (> 0.51) revealed that RFI is an effective measure to select for 




optimal criteria for efficient environmentally friendly selection can then expected through 
restructuring selection indexes from an environmental point of view. 
 
Keywords: feed efficiency, life cycle assessment, growth performance traits, selection 
by genetics, net energy flux 
 
Implications 
Selection on feed efficiency results in large correlated reductions of the environmental 
impacts of pig production; with gross feed efficiency having more impact than net feed 
efficiency. Our pig-based evaluation model will allow definition of selection criteria that result 
in even larger reductions in environmental impact.   
 
Introduction 
Beyond being an economic bottleneck, feed greatly contributes to the environmental 
impacts of pig farming (McAuliffe et al., 2016). Improvement in feed efficiency is a major goal 
for pig production sustainability, because it reduces environmental fluxes associated with feed 
production (Nguyen et al., 2011) and reduces the amount of effluent per pig as a result of mass 
balance (Ali et al., 2018). Feed efficiency, which is usually inversely expressed as feed 
conversion ratio (FCR), stands for the body weight gain per unit of feed consumed. Selection 
for FCR, directly or via increased growth rate or reduced fatness, has been very effective to 
improve feed efficiency in the past. However, as a ratio, FCR is closely correlated with 
production traits and selection on this trait has uncontrolled effects on the components of the 
ratio (Saintilan et al., 2013). In 1963, Koch et al. introduced a more targeted indicator for net 
feed efficiency, residual feed intake (RFI). The RFI, which is a linear combination of traits, is 
moderately heritable in pigs (Saintilan et al., 2013) and is defined as the difference between 
observed feed intake and the feed intake expected from individual maintenance and production 
requirements. Among the range of approaches for measuring feed efficiency, RFI is 
increasingly becoming the measure of choice in some species (Kenny et al., 2018). Improving 
animal feed efficiency is possible at two stages. The first stage, which arises from the interaction 
between feed and animal in the digestive tract, is to improve conversion of the feed gross energy 
(GE) into metabolizable energy (ME). The second stage is to improve the partitioning of 
uptaken energy between maintenance and tissue accretion through protein and lipid deposition 




corresponds to the latter (Gilbert et al. 2017). Separate selection for RFI has been investigated 
and impacts on production performance reported (Gilbert et al., 2007; Cai et al., 2008), as well 
as on sow reproduction and piglet traits (Gilbert et al., 2012; Young et al., 2016). However, to 
date, its impacts have not been thoroughly assessed from an environmental viewpoint due to 
lack of an appropriate model. To quantify environmental impacts, several studies using life 
cycle assessment (LCA) examined the environmental burdens of different pig production 
options (Garcia-Launay et al., 2014; Mackenzie et al., 2015; McAuliffe et al., 2017). The aim 
of the present study was to develop a model adapted to the evaluation of pig selection strategies 
and use it to estimate the environmental impacts of selection for RFI, through comparative life 
cycle assessment of two lines of pigs divergently selected for RFI. 
 
Material and methods 
Experimental data  
The experimental data were obtained from the fifth generation of Large White pigs 
divergently selected for RFI. The selection process and results concerning low RFI (LRFI, more 
efficient pigs) and high RFI (HRFI, less efficient pigs) lines are reviewed in Gilbert et al. 
(2017). The present dataset includes 60 male pigs in the LRFI line and 58 male pigs in the HRFI 
line. Growing pigs had ad libitum access to a one phase conventional diet (Table 1). The 
experimental data were collected from birth to slaughter. Body weight (BW) was recorded at 
birth, at weaning (average 28 days of age), at the beginning of the fattening period (10 weeks 
of age), at 11, 15, 19, 23 weeks of age, and at the end of the test (target BW 115 kg). During 
the fattening period, data on individual daily feed intake (DFI) recorded on ACEMA 64 
automatic feeders (ACEMO, Pontivy, France) were available, and back fat thickness (BFT) was 
measured by ultrasounds on live animals at 23 weeks of age, using an ALOKA SSD-500 
echograph (Aloka, Cergy Pontoise, France). From these records, FCR and RFI were computed 
as described in Gilbert et al. (2007). For LRFI and HRFI sows/litters, the mean values of age 
at farrowing and weaning, sow BW and BFT before farrowing and at weaning, lactation DFI, 
number of total born, still born, weaned piglets, piglet BW at birth and at weaning and weaning 





Table 1 Ingredients, chemical composition and nutritional value of the experimental diet 
of pig lines. 
Item  Quantity 
Ingredient, g/kg   
Barley 409 
Soft wheat  327 
Soybean meal (48 % CP) 202 
Sunflower oil 23 





Calcium carbonate 11 
Dicalcium phosphate 12 
Oligo vitamins 5 
Chemical composition, g/kg   
Ash 58.5 
Dry matter 877.7 
Organic matter  819.2 
Crude protein 172.3 
Starch 411.9 
Gross energy (MJ/kg) 16.22 
NDF 141.7 
ADF 47.4 
Crude Fibre 38.1 
Residue 163 
Calcium 9.97 
Phosphorus  6.21 
Nutritional value   
NE1 (MJ/kg) 9.70 
ME1 (MJ/kg) 13.09 
Std.dig.Lysine2 (g/kg) 9.83 
 
1 were calculated according to the method of Sauvant et al. (2004); NE = net energy; ME = 




Goal, scope and framework of the environmental assessment  
A ‘cradle-to-farm-gate’ system boundary was chosen, including feed production, manure 
management and the entire pig production system comprising reproducing sows and their 
piglets, post-weaning and fattening pigs. One kg of live weight (LW) of pig at the farm gate 
was used as the functional unit with the goal of comparing the environmental impacts between 
the HRFI and LRFI lines. To implement LCA, all the materials and energy consumed in the 
production of one functional unit of the system have to be included in the life cycle inventory 
(LCI), in addition to all excretions and emissions to the environment. The LCI needs to consider 
all the processes that take place inside the system boundary. To obtain a flexible and predictive 
model for daily feed intake, it was required to switch from the mass context of the data recording 
to the energy context for modelling. Due to the pigs’ ability to adapt their feed intake to the net 
energy (NE) concentration of different diets (Quiniou and Noblet, 2012), the model was 
developed based on the daily net energy supply during fattening to allow prediction for different 
diet compositions and guaranty generality. Our model was consequently developed based on 
NE for the fattening period and metabolisable energy (ME) for reproducing sows, to estimate 
the flux of dietary energy which propagates through all individual pigs within the system 






Figure 1 Scheme of the system boundary, which includes the entire pig farm, feed production processes and manure management. 
GE = gross energy; DE = digestible energy; ME = metabolisable energy; NE = net energy; MEm = metabolisable energy required for maintenance; 
NEm = net energy required for maintenance; NE gain = net energy required for gain; CP = crude protein; CF = crude fiber; AA = amino acid; N = 




Model structure  
The model consists of six modules with distinct functions.  
Feeding plan module. InraPorc®, which is a model and software designed to simulate the 
performance response of pigs to different nutritional strategies (van Milgen et al., 2008; 
Dourmad et al., 2008), was incorporated in the LCA model to benefit from its features. It 
contains the licensed INRA-AFZ database of characterised feed ingredients (Sauvant et al., 
2004) as an embedded library. This library distinguishes different nutritional values depending 
on the animal physiological status (sows and growing pigs). In the feeding sub-module, the 
composition of the diet and the feeding plan (rationing and sequencing plan) during the different 
periods of the animal’s lifetime were defined based on experimental data. The outcome of this 
sub-module is the chemical compositions and nutritional values of the diets, based on the 
INRA-AFZ database. 
 
Animal profile module. Each animal profile is the compilation of the feeding plan, 
housing conditions, experimental data, net energy system, and a final calibration in InraPorc®. 
The Gamma function was used to express ad libitum feed intake because of its flexibility which 
enables it to adjust to changes in feed intake and body weight (van Milgen et al., 2008). The 
daily ad libitum feed intake and NE of the feed characterised the animal daily net energy 
requirements. InraPorc® was used to establish the individual profiles for each pig separately in 
the lines during the fattening period (day 68 to day 179), based on the animal’s individual data, 
which were recorded daily, as previously proposed by Saintilan et al., 2015. The average 
profiles for groups of sows and their piglets were defined separately in InraPorc® based on 
experimental data on the average HRFI and LRFI sows/litters performance summarised in 
Gilbert et al. (2012). The outcome of this module is the predicted growth performance (ADG, 
ADFI), protein and lipid deposition during fattening (PD and LD, respectively), the protein to 
lipid ratio of the body (BP/BL ratio), and mineral excretions of the pigs. As InraPorc® was not 
designed to model the performance of animals during post-weaning, a calculation module was 
developed in R to estimate the excretions and emissions during the post-weaning period (28 
days to 10 weeks of age) according to Rigolot et al. (2010a and 2010b). 
 
Emission and excretion module. To calculate the emissions and excretions, and the slurry 
composition, three sub-modules were developed in R for the sow-litter, post-weaning and 




individual performance data were used for the post weaning and fattening stages. The 
components of the excreta (dry matter (DM), organic matter (OM), nitrogen (N), phosphorus 
(P), potassium (K), copper (Cu), and zinc (Zn)) were calculated using the mass-balance 
approach, as the difference between nutrients taken up from the feed and the nutrients retained 
in the body. Emissions of enteric methane (CH4), nitrogen mono oxide (NO), nitrous oxide 
(N2O), ammonia (NH3), and carbon dioxide (CO2) during housing were calculated according 
to Rigolot et al. (2010a and 2010b). Subtraction of N excretion and gaseous N lost in housing 
determined the quantity of N at the beginning of manure storage (Garcia-Launay et al., 2014). 
  
A sub-module was developed to estimate emissions, leaching, and runoff during manure 
storage and application in the field. The NH3 emissions during outside storage were calculated 
according to the emission factors recommended by Rigolot et al. (2010b). The NOx emissions 
were calculated according to Nemecek et al. (2004). Methane emissions from manure during 
storage were calculated using guidelines by the intergovernmental panel on climate change 
IPCC (2006). Direct and indirect emissions of N2O and NH3 during spreading of slurry were 
calculated according to IPCC (2006).The value of the manure as a replacement for synthetic 
fertiliser was considered according to the mineral fertiliser equivalency of 75% for N (Nguyen 
et al., 2010) and 100% for P and K (Nguyen et al., 2011). 
 
Water, energy expenditure and transport modules. The model linked drinking water to 
feed intake according to the Institut de la Filière porcine (IFIP) report on typical French farms 
(IFIP, 2014), with water to feed ratios of 4.5, 4.0, 2.5, and 2.7 for lactating, gestating, post 
weaning, and fattening pigs, respectively. Cleaning water was estimated at 2 300 litres per sow 
and 30 litres per fattening pig according to IFIP (2014) and Rigolot et al. (2010a). In addition, 
the energy expenditure link to the functional unit was 0.42 kWh per kg live weight, and was 
broken down into electricity, oil, and gas components, according to IFIP (2014). Transport of 
feed was calculated as a coefficient of feed intake. Linking water and transport to feed intake 
made the model sensitive to feed efficiency for further sensitivity and uncertainty analyses.  
 
Life cycle impact assessment  
An individual LCA was conducted for each pig in the LRFI and HRFI lines through 
incorporating its own experimental recorded traits and the traits obtained from InraPorc® in the 




terrestrial acidification potential (AP), freshwater eutrophication potential (EP), land 
occupation (LO), and water depletion (WD). For impact analyses, the ReCiPe Midpoint 2016 
(H) V1.13 (Huijbregts et al., 2016), one of the most recently updated life cycle impact 
assessment methods, accompanied with the Ecoalim (Wilfart et al., 2016) and Ecoinvent 
(Wernet et al., 2016) inventory databases, were used. The equivalency factors for the impact 
categories were assigned according to the factors recommended in the ReCiPe method. All 
environmental impact assessments were implemented in the SimaPro V8.5.4.0 on the MEANS 
(MulticritEria AssessmeNt of Sustainability) platform (http://www.inra.fr/means).  
The line impact differences were tested with a T-test, and impacts were declared 
significantly different for P < 0.05. In addition, correlations between performances and 
environmental impacts were calculated within lines, for a better understanding of the 
relationships between the components. 
 
Uncertainty analysis 
Monte Carlo simulations is an approach, available in SimaPro V8.5.4.0, to quantify the 
effects of the uncertainties in the model parameters on the estimated environmental impacts: by 
resampling the parameter values based on assumptions about their uncertainties, a confidence 
interval for each impact can be obtained. In addition, the Ecoinvent LCA databases, which are 
embedded in SimaPro V8.5.4.0, provide quantitative uncertainties for parameters in most of its 
processes, mainly with lognormal distributions (Ivanov et al., 2019). To incorporate the 
intended traits in the LCA, a trait based model was developed based on the growth performances 
equations presented by van Milgen et al. (2008) (also applied in InraPorc®) and linked to the 
emissions and excretions according to Rigolot et al. (2010a and 2010b). The quantities of all 
feed ingredients were linked to the related traits, such as ADFI and fattening duration, by 
considering their incorporation rate in the diet. This integrated and connected model made it 
possible to perform uncertainty and sensitivity analyses in SimaPro. To evaluate the impact of 
the LCA model parameter uncertainty on the results, the line mean values of the performance 
traits (ADFI, FCR, ADG, BP/BL ratio, PD, fattening duration, BP and BL at slaughter, and 
BFT) were extracted from experimental data and InraPorc® outputs, and used as inputs for the 
uncertainty analysis. Then, parallel Monte Carlo simulations were run on the two lines jointly 







Sensitivity analysis is the study of the relative importance of the different input 
parameters in the model outputs. To perform a sensitivity analysis, it is necessary to have a 
parametric model in which all the parameters are mathematically interlinked (supplementary 
material S1). To perform the sensitivity analysis on animal performance traits, related traits had 
to be incorporated in the model as direct input parameters, accompanied by their distributions. 
In this way, any change in animal traits propagates through the model and affects the 
appropriate material, process, emission and excretion sub-inventories in the LCI.  
A one-at-a-time (OAT) sensitivity analysis, an appropriate approach for limited 
parameter and linear LCA models, was conducted based on the upper and lower bounds of the 
95% confidence interval (CI) (±2SD) of the main production trait distributions. The LCA model 
was considered sensitive to a trait if a change in any impact value was greater than 5% after a 
change to the upper and lower bounds of the intended trait compared to the initial impact value 
(Mackenzie et al., 2015). The OAT sensitivity analysis of the traits made it possible to identify 
the best candidate traits for improvement in the corresponding environmental impact categories. 
 
Results 
Traits comparison between lines 
Prior to LCA, a statistical review of the experimental data provided a general overview 
on the variation of growth performance traits between the two lines. The mean growth 
performance traits in the two lines were compared with a Student’s t test (Table 2), as well as 
the trait predictions from InraPorc®. The feed conversion ratio differed significantly between 
the lines (-130 g/kg gain for LRFI compared to HRFI pigs, P < 0.001), as did the average daily 
feed intake (P < 0.0001), and RFI (P < 0.01). The lines also differed in their average daily gain 
(P < 0.05), age at slaughter (P < 0.05), fattening duration (P < 0.05), but not in body weight at 
slaughter (P = 0.43). The two lines had similar protein content at slaughter (P = 0.32), but not 
lipid content, backfat thickness and LMP (P < 0.0001), leading to a difference in the BP to BL 





Table 2 Growth performance traits and InraPorc® estimations of body composition of pigs in low residual feed intake (LRFI) and high 















Traits records1       
  BW birth (kg) 1.50 1.53 1.98 0.20 0.33 0.63 
  BW weaning (kg) 8.51 9.12 6.92 1.18 1.22 0.007 
  BW initial-fattening (kg) 28.7 29.9 4.09 4.06 4.70 0.14 
  ADG fattening (kg/d) 0.80 0.83 3.68 0.080 0.071 0.047 
  ADFI fattening (kg/d)  1.97 2.15 8.73 0.21 0.19 <0.0001 
  FI fattening (kg) 214.3 225.5 5.09 18.3 28.1 0.011 
  FCR fattening (kg /kg gain) 2.45 2.58 5.16 0.16 0.18 <0.0001 
  RFI (g/d) -36.1 35.1 197.1 130.8 104.8 <0.01 
  ECR fattening (MJ /kg gain) 23.78 25.03 5.45 1.63 1.77 <0.0001 
  Fattening duration (days) 109.6 104.9 4.38 12.00 9.34 0.02 
  Age at slaughter (days) 181.1 177.0 2.28 10.00 7.44 0.011 
  BW slaughter (kg) 116.3 117.4 0.94 7.04 8.30 0.43 




  PD fattening (g/day) 133.0 136.9 2.88 13.9 15.4 0.38 
  Carcass weight (kg) 91.9 92.7 0.86 5.56 6.55 0.43 
  Lipid weight at slaughter (kg) 22.4 25.7 13.72 3.28 4.11 <0.0001 
  BFT slaughter (mm) 15.3 16.5 7.54 1.20 1.49 <0.0001 
  Protein weight at slaughter (kg) 18.6 18.4 1.08 1.31 1.34 0.32 
  LMP (%) 60.9 58.8 3.50 2.00 2.01 <0.0001 
  LMC (kg) 55.9 54.5 2.53 3.93 3.72 0.042 
  BP/BL at slaughter 0.85 0.73 15.18 0.13 0.13 <0.0001 
1 Traits recorded in pigs; BW = body weight; ADG = average daily gain; ADFI = average daily feed intake; FI = total feed intake; FCR = 
feed conversion ratio; RFI = residual feed intake; ECR = energy conversion ratio 
2 Outcomes from InraPorc®; PD = protein deposition; BFT = back fat thickness; LMP = lean meat percentage; LMC = Lean meat content; 
BP/BL = ratio of body protein weight/ Body lipid weight at slaughter  




Individual life cycle assessment on the low and high residual feed intake lines 
The five impact categories were calculated for 116 pigs through individual LCA. The 
outcomes of individual LCA on the LRFI and HRFI lines in the five impact categories are 
summarised in Table 3. The values in all impact categories were lower in the LRFI line than in 
the HRFI pigs (P < 0.0001): CC (2.60 vs 2.77 kg CO2-eq), AP (44.5 vs 48.1 gr SO2-eq), EP 
(3.35 vs 3.63 g P-eq), LO (4.19 vs 4.45 m2a), and WD (0.044 vs 0.047 m3). The minimum and 
the maximum difference between HRFI and LRFI were in land occupation (6.01%) and 
eutrophication (8.02%), respectively, and the average difference for the five impact categories 
was 7%. To test the relative contributions of the different processes involved in the LCA, the 
impact categories were segmented into feed, housing and manure, and on-farm water and 
energy (electricity, gas…) use. Their percentage contribution to each segment is shown in 
Figure 2 for the two lines combined, as there were limited line differences. Feed had the 
maximum share in the impact categories of CC (72%), LO (100%) and WD (79%), whereas 
housing and manure had the biggest share in EP (66%) and AP (60%). On-farm water and 






Table 3 Five impact categories calculated per kg pig weight at farm gate by the life cycle assessment (LCA) model based on ReCiPe 2016 
Midpoint (H) V1.13 method for low residual feed intake (LRFI) and high residual feed intake (HRFI) lines. 
 











Climate change kg CO2 eq 2.77 2.60 6.33 0.12 0.11 <0.0001 
Acidification g SO2 eq 48.1 44.5 7.77 2.91 2.61 <0.0001 
Eutrophication g P eq 3.63 3.35 8.02 0.22 0.20 <0.0001 
Land occupation m2a 4.45 4.19 6.01 0.19 0.18 <0.0001 
Water depletion m3 0.047 0.044 6.59 0.0018 0.0017 <0.0001 
P = phosphorous; m2a = area time; m3 = cubic meter;  





Figure 2 Relative contribution of the segmented pig farming processes within the system 
boundary of life cycle assessment (LCA), in the five impact categories. Feed ingredients are 
clustered as 1. feed; 2. emissions and excretion during housing, manure storage and spreading 
are clustered as housing & manure; 3. On-farm consumption of water and energy are clustered 
as on-farm water & energy. CC = climate change; AP = acidification potential; EP = freshwater 
eutrophication potential; LO = land occupation; WD = water depletion. 
 
 
The correlations between impact categories and performance traits, obtained from 
experimental data (ADG, FCR, ADFI and RFI) and traits simulated by InraPorc® (BP/BL ratio, 
BFT, PD, BL, BP) are reported in Table 4. Based on the 95% confidence interval of the 
correlation estimations, no line differences were evident, except for BP with EP and AP, with 
a higher negative correlation in LRFI line. All impact categories were highly correlated to FCR, 
with values higher than 0.96 for both lines. All impact categories had also moderate to high 
correlations with RFI (from 0.51 in HRFI pigs to 0.74 in LRFI pigs), and BP/BL ratio (values 
between -0.68 and -0.85). All impact categories are highly correlated to BFT, BP, BL and PD, 
with the absolute values higher than 0.48 for both lines except BP for HRFI line which 


















Relative contribution share of segmented processes  




Table 4. Phenotypic correlations (95% confidence interval) of five environmental impact 
categories with the recorded traits in the low residual feed intake (LRFI) and high residual feed 
intake (HRFI) pig lines. 
 
Trait1 CC AP EP LO WD 
LRFI line      


























































































HRFI line  


































(-0.06;0.44) (0.06;0.53) (0.06;0.53) (0.01;0.49) (-0.03;0.46) 



















































1Traits recorded in pigs; ADG = average daily gain; ADFI = average daily feed intake; 
FCR = feed conversion ratio; RFI = residual feed intake; Outcomes from InraPorc®: PD = 
protein deposition; BFT = back fat thickness; BP/BL = ratio of body protein weight/ Body lipid 
weight; Outcomes from life cycle assessment: CC = climate change; AP = acidification 






Uncertainty analysis  
A parallel Monte Carlo simulation study based on the mean values of the traits was run 
on both lines. The results are graphically represented in Figure 3 in five impact categories. In 
100% of the simulations for CC, AP, EP, LO, and 61% for WD, the LRFI line had less impacts 
than the HRFI line, indicating that the line differences are not sensitive to the uncertainty of the 
model parameters imbedded in SimaPro, except for WD. 
 
 
Figure 3 Life cycle assessment (LCA) applied to parallel Monte Carlo simulations for the high 
residual feed intake (HRFI) and low residual feed intake (LRFI) lines. The figure shows the 
percentage of scenarios from 1000 Monte Carlo simulations in which each line outperformed 
the other. Parallel Monte Carlo simulations use identical values from shared uncertainties to 
calculate environmental impacts. Therefore the percentage difference in the results can be 
referred to as the difference between the lines. Positive values are associated with simulations 
in which the high residual feed intake (HRFI) line has more favourable impacts than low 
residual feed intake (LRFI) pigs, and negative values, the reverse. 
 
Sensitivity analysis 
To perform the OAT sensitivity analysis, all incorporated production traits were kept 
constant but the value of one trait was changed by ±2SD based on the distributions listed in 











Parallel Monte Carlo simulation on LRFI and HRFI




The percentage change in the environmental impact categories compared to the initial 
impact values due to the changes in any trait are presented in Figure 4. For all categories, the 
environmental impacts were sensitive to ADFI, ADG, FCR, BP and PD, which corresponded 
to more than 5% changes in the impacts compared to the initial values. The maximum and the 
minimum sensitivity for ADFI (+20.6% and -10.7%) were related to EP and WD, for ADG 
(+17.6% and -10.5%) to LO and WD, for FCR (+13% and - 8%) to EP and WD, for BP (+17.7% 
and - 9%) to EP and WD, and for PD (+21% and -16%) both maximum and the minimum 









Figure 4 One-at-a-time sensitivity analysis based on performance traits for the low residual 
feed intake (LRFI) and high residual feed intake (HRFI) pig lines. Percentage of changes in 
environmental impacts compared to the mean values due to changes in ±2SD in each trait. ADFI 
= average daily feed intake; ADG = Average daily gain; BP = Body protein at slaughter; BP/BL 
= Ratio of body protein-to-body lipid at slaughter; PD = average daily protein deposition; BFT= 
back fat thickness; FCR= Feed conversion ratio; BL= Body lipid content at slaughter.          






The aim of this study was to develop a model to evaluate the environmental impacts of 
selection for feed efficiency using comparative life cycle assessment, and to apply the model to 
individual records of two divergent pig lines after five generations of selection for RFI. Feed 
conversion ratio is correlated with RFI, and selection for reduced RFI has been shown to also 
reduce FCR in these lines (Gilbert et al., 2017). Lower FCR is generally due to lower feed 
intake, higher body weight gain, or both. Major differences in ADFI in the two lines and minor 
differences in ADG indicated that lower FCR in LRFI was mostly due to lower ADFI, which 
matches the objectives of selecting for RFI and agrees with earlier results in the same lines at 
that stage of the selection experiment (Gilbert et al., 2007).  
Studies have reported a negative (favourable) correlation between RFI and body leanness 
(e.g. Cai et al., 2008). On the other hand, energy partitioning between protein and fat deposition 
can be modified by improving feed efficiency (Noblet and van Milgen, 2004). If the general 
weight gain was little affected by selection, the InraPorc® model showed that the protein to lipid 
ratio differed significantly between the lines, mainly due to significant differences in lipid 
content at slaughter, meaning that selection for LRFI improved the protein to lipid ratio mainly 
through reduced lipid deposition and back fat thickness, in agreement with the hypothesis stated 
by Dekkers and Gilbert (2010) concerning the switch of more efficient pigs to a more oxidative 
metabolism. 
Inferring from the differences between LRFI and HRFI feed intake, we hypothesised that 
the lines would have different environmental impacts. Indeed, the LRFI impacts were on 
average 7% lower than HRFI impacts in all categories, in agreement with the positive genetic 
correlation between FCR and RFI with excretion traits (nitrogen and phosphorus) reported by 
Saintilan et al. (2013) and Shirali et al. (2012), who used models at the level of the animal only 
to predict individual excretion of pigs. 
Differences in the level of environmental impact categories between different LCA 
studies may be due to differences in the methods, inventories, assumptions, emission factors, 
and system boundaries. To guarantee consistency in the calculation model, LCA method, 
inventories and system boundary, when comparing the lines, we applied the same model to 
both. By changing the method to the CML-IA baseline V3.04 (Center of Environmental Science 
of Leiden University, http://cml.leiden.edu/software/datacmlia.html) with the same inventories, 
the impact values decreased to 2.56 kg CO2-eq for LRFI and to 2.70 kg CO2-eq for HRFI, 




reasonable to compare the results of two different studies, one can reasonably compare their 
orders of magnitude and range. The values of the CC impact for LRFI and HRFI were in the 
same ranges as the values reported by Dourmad et al. (2014) (2.3 to 3.5 kg CO2-eq/kg LW) and 
de Vries and de Boer (2010) (2.3 to 5.0 kg CO2-eq/kg LW) for typical European production 
farms. The impacts of LRFI and HRFI on AP were also in the range of values reported by de 
Vries and de Boer (2010) (8 to 120 g SO2-eq/kg LW). The impact on EP for LRFI and HRFI 
differed from the impacts reported in the literature. These variations were due to the use of 
ReCiPe midpoint 2016, which accounts for the impact of freshwater eutrophication based on 
P-eq rather than PO4-eq. When EP was calculated based on PO4-eq (according to the CML-IA 
baseline method) the values changed to 25 g PO4-eq for LRFI and 27 g PO4-eq for HRFI, which 
is in the same range of values reported by de Vries and de Boer (2010) (12 to 38 g PO4-eq/kg 
LW). The LO values were also in the range reported by de Vries and de Boer (2010) (4.2 to 6.9 
m2/kg LW). 
Clustering the different processes involved in the system boundary provided further 
insights into the relative contributions of each segment to the impact categories, with limited 
differences between lines. The relative importance of feed and manure were in accordance with 
results published by Garcia-Launay et al. (2014). The higher feed contribution to three impact 
categories of CC, LO and WD is certainly the main driver of the higher environmental impacts 
of HRFI compared to LRFI. Moreover, as HRFI pigs consume more feed with limited 
difference in digestibility (Barea et al., 2010; Montagne et al., 2014), they excrete more 
nutrients and produce more manure because of the mass balance. Considering manure as 
organic fertiliser partly compensated for the higher environmental impacts of HRFI associated 
with higher excretion and emission rates. Relative contribution of the segmented process 
confirmed that improving feed efficiency and manure management present the main 
opportunities for improvement in pig farming. 
According to the average values of the traits, the RFI lines only marginally differ in BP 
and PD (P = 0.32). The protein deposition plays a role in affecting the environmental impacts 
in two ways. On one hand, body weight is strongly dependent on protein accretion and lipid 
deposition (Noblet and Etienne, 1987), which could affect FCR. On the other hand, changes in 
protein content influence nitrogen retention and subsequent excretion. Excreted nitrogen is at 
the origin of the emissions of N-gas as nitrous oxide and ammonia during animal housing, 
outdoor storage of manure and application of manure in the field. A change in body protein, on 




domino effect - influence all downstream nitrogen associated excretions and emissions. While 
all impact categories are moderately correlated to PD (-0.58), the marginal difference of the 
lines in BP suggest that selection for RFI would have only limited effects on protein deposition, 
and thus nitrogen excretion, which is one of the main sources of environmental impacts. 
However, the RFI correlations with impacts were of similar magnitude as PD, which could 
indicate that these two criteria would reduce the environment impacts partly via different levers. 
Thus, it could be inferred that selection for RFI could be combined with other criteria to target 
protein deposition. In that respect, the close genetic correlation between FCR and lean meat 
growth rate (Clutter et al., 2011) makes this trait a more promising criterion for environmental 
improvement, which from a practical perspective is interesting, as it has been for decades the 
main criterion used on pig farms to improve feed efficiency. The very high correlation between 
FCR and all impact categories confirmed FCR as a key trait to reduce the environmental 
burdens of pig production. However, selecting for FCR has major impacts on decreasing 
leanness, which might no more be desirable for some commercial lines in the future. Our study 
shows that RFI would be a valid alternative to select for feed efficiency with positive 
environmental impacts. 
The statistical analysis of the results of individual LCA, performed on all pigs, revealed 
that the lines are significantly different for the five categories of environmental impacts. The 
results of parallel Monte Carlo simulations confirmed these differences and showed that the 
line difference is not sensitive to the model parameter uncertainties. The OAT sensitivity 
analysis showed that the impact categories are highly sensitive to ADFI, PD, ADG and FCR, 
and less sensitive to BFT, BL and BP/BL. On the other hand, the correlations between the 
impacts and the traits show that the impacts are highly correlated to FCR, BP/BL, BFT and BL. 
This discrepancy between the OAT results and the correlations obtained from individual LCA 
could be due to not considering the correlations between the traits in the OAT sensitivity 
analysis, as proposed by Ottosen et al. (2019). Consequently, further global sensitivity analyses 
accounting for trait dependencies should enable a more global understanding of the influence 
of genetic trait changes on the environmental impacts. Ultimately, this could be used to propose 
new selection indexes optimising the economic and environmental components jointly, as 








The feed efficiency concept arose from an economic incentive as the ratio of gain (pig 
weight gain) to cost (feed). To date, emissions associated to pig farming have not been 
accounted for in selection strategies, neither as a cost nor as an income. In the environmental 
context, phosphorus and nitrogen excretions, associated emissions and other fluxes emerge as 
main sources of the environmental burden of pig farming. Ignoring that economic drivers 
influence the main sources of environmental costs was pointed out, and we suggest that 
including environmentally optimised criteria could alleviate the environmental burden of pig 
production, while still satisfying economic requirements. Consequently, our study shows that 
more optimal selection criteria could emerge through restructuring the trait weights from an 
environmental point of view. 
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 Supplementary material of the paper  
 
Supplementary material. The following formulations have been applied to calculate the 
emissions and excretions using the mass-balance approach. 
eBW= 5.969*BP 0.944 + 0.854 * BL 0.944                                           (van Milgen et al., 2008) 
Lean meat percentage= 72.58 – 43.49 * BL/ eBW                  (van Milgen et al., 2008) 
N Body = e(-0.9892 – 0.0145 Lean%) * eBW (0.7518 + 0.0044 Lean%) / 6.25       (Dourmad et al., 1992) 
N Intake = Feed Intake * N Feed  
N Excreted = N Intake – N Retained 
P Body (g) = 5.39*eBW                                         (Rigolot et al., 2010a) 
Ca Body (g) = 8.56*eBW                                      (Rigolot et al., 2010a) 
K Body (g) = - 0.0041*eBW
2 + 2.68*eBW               (Rigolot et al., 2010a) 
Cu Body (mg) = 1.1*eBW                  (Rigolot et al., 2010a) 
Zn Body (mg) = 20.6*eBW                           (Rigolot et al., 2010a) 
N20= 0.002*N Excreted                         (Rigolot et al., 2010b) 
N2= 5*N20         (Rigolot et al., 2010b) 
NH3 Building (kg) = 17/14*0.24*N Excreted                (Rigolot et al., 2010b) 
ResD= Feed intake *residue feed 
ECH4 growing = ResD*670 J/g       (Rigolot et al., 2010a) 
CH4 Emitted= ECH4 / 56.65 MJ/kg     (Rigolot et al., 2010a) 
CH4 Housing (kg) = VS*B0*MCF                (Rigolot et al., 2010b) 
OM Faeces = Feed*OMfeed *(1 – dCOM)    (Rigolot et al., 2010a) 
dCOM Grow = (0.744 + (14.69 DE – 0.50 NDF – 1.54 MM) / DM) / (OM / DM) (Rigolot et 
al., 2010a) 
eBW = empty body weight ; BP = body protein ; L = body lipid;  N Body  = nitrogen 
content of body; N Intake = total uptaken nitrogen; N Feed = nitrogen content of 1kg feed; N 
Excreted = total excreted nitrogen; NRetained = nitrogen retained in the body; OM = organic 
matter; MM = mineral mater; DM = dry matter; dCOM = feed organic matter digestibility 
coefficient; NDF = Neutral detergent fiber; B0 = maximum CH4 producing capacity; MCF = 
methane conversion factor; ResD = digested fibre ingested.CH4 = methane; N = nitrogen; Ca 





 Main messages from Chapter 2 
 
A first LCA evaluation tool adapted for the environmental evaluation of pig selection 
scenarios has been proposed. It relies on a parametric LCA model based on the dietary net 
energy fluxes in a pig system, and incorporates a nutritional pig growth tool, InraPorc® as a 
module to embed flexibility for changes in feed composition, animal performance traits and 
housing conditions (Figure 10).  
The model was applied to quantify the environmental impacts of pigs from the fifth 
generation of pig lines divergently selected for RFI on five major environmental impacts of pig 
production. The comparative individual-based LCA showed that LRFI had an average of 7% 
lower environmental impacts per kilogram live pig at farm gate compared to HRFI (P 
<0.0001) on climate change, acidification potential, freshwater eutrophication potential, land 
occupation and water depletion. Using individual assessment allowed to consider the 
covariance between the performance traits as well as their variations among individuals, in the 
LCA, while providing means for statistical analysis.  
Thanks to the individual assessment, correlations between performance and 
environmental impact categories can be estimated. High correlations between FCR and all 
environmental impact categories (>0.95) and moderate correlations with RFI (>0.51) 
confirmed the importance of improvement in feed efficiency to reduce environmental 
impacts. This result revealed that RFI is an effective measure to select for improved 
environmental impacts, with the potential advantage of lower correlated impacts of other 























 Environmental assessment of combinations of nutritional 








This chapter aimed to propose the concept of overall farm feed efficiency, and 
environmentally assessed combinations of selection for feed efficiency and tailored diets 
environmentally optimised embedded in this concept. A preliminary analysis of the lines 
selected for feed efficiency unveiled that their nutritional requirements were significantly 
different during the full growing period (Figure 11).  
 
 
Figure 6. Differences between line representative requirements 
All differed by P < 0.05, and the low residual feed intake line (LRFI) had on average 5.3% 
higher average density of nutritional requirements to the high RFI (HRFI) pigs 
 
In practice, the LRFI pigs had higher digestible AA requirements per unit of net energy 
than HRFI pigs, which is a classical pattern when comparing pigs based on RFI or FCR 
(Saintilan et al., 2015).  However, in spite of this difference, during the course of the selection 
the diet composition was not modified to be adjusted to the line requirements, and all pigs were 
fed the same conventional growing-finishing commercial diet.  
The approach presented in this chapter was developed to improve the balance between 
the supplied and the required nutrients for each line, and jointly optimise the diet composition 
for multiple environmental impacts. To achieve this, a diet optimisation module was added to 
the model developed in the previous chapter that combined nutritional constraints and 
environmental optimisation. To keep consistency with the LCA model, this step was also based 
on the net energy system. In addition, an environmental score was defined to convert the 
multiple environmental objective problem into a single environmental objective. Finally, the 
environmental impacts of combinations of lines and optimised diets were assessed through an 
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Abstract 
Purpose Use a holistic individual life cycle assessment (LCA) to investigate possible 
mitigation of environmental impacts through optimisation of overall farm feed efficiency by 
combining animal selection for feed efficiency and formulation of diets with minimum 
environmental impacts tailored to pig nutritional requirements. 
Methods A linear multi-objective optimisation method was used to combine diet 
optimisation tailored to meet the representative nutritional requirements of genetic lines with 
environmental optimisation of the environmental impacts of the diet. Environmental 
optimisation was obtained by weighting the environmental impacts of the diet in a single 
environmental impact score. An individual trait based LCA model with a cradle-to-farm-gate 
system boundary and functional unit of 1 kg live pig at the farm gate was applied to genetic 
lines selected for high (LRFI, high feed efficient line) and low (HRFI, low feed efficient line) 
feed efficiency data. The production traits of each individual animal in response to the 
optimised diets were simulated with InraPorc®, and imported into the individual LCA model to 
assess global warming potential (GWP), terrestrial acidification potential (AP), freshwater 
eutrophication potential (EP), and land occupation (LO) of the overall farm feed efficiency 
approach. 
Results and discussion Integrating selection for feed efficiency, nutritional requirements 
of genetic lines (HRFI and LRFI) and environmental diet optimisation resulted in overall 
mitigation of environmental impacts. Compared to the conventional diet, the environmental 
score of the optimised tailored diets was reduced by 5.8% and 5.2% for LRFI and HRFI lines, 
respectively. At the general production system level, the environmental impacts decreased by 




the lines fed the conventional diet (P < 0.05). The HRFI line with its optimised tailored diet had 
fewer impacts than the LRFI line with the conventional diet, except for EP. Individual LCA 
revealed high correlations between environmental impacts and feed efficiency and protein 
deposition traits. 
Conclusions Implementation of overall farm feed efficiency would effectively mitigate 
environmental impacts. A holistic economic evaluation of the resulting trade-off between diet 
costs and pig performances is now needed to design a comprehensive tool to orientate selection 
and formulation decisions for sustainable pig production systems. 
 
Keywords: Environmental impact. Life cycle assessment. Residual feed intake. Feed 
efficiency. Nutrient tailored diet. Diet environmental optimisation. Pig  
 
1 Introduction 
Improving feed efficiency is a major objective to enhance pig production sustainability 
in terms of economy and environment. The main environmental impacts of pig production 
originate from feed production (Opio et al. 2013) and from manure excretion and emissions 
during pig farming (Dourmad and Jondreville 2007; Mackenzie el al. 2016). The improvement 
in the main environmental burden sources can be obtained through reduction in feed intakes, 
and supply of nutrients tailored to the animal requirements, to achieve better use of lower 
quantities of feed by the animals. Feed efficiency, which is usually expressed as its inverse, feed 
conversion ratio (FCR), stands for the body weight gain per unit of feed consumed. Selecting 
pigs based on feed conversion ratio (FCR) or residual feed intake (RFI) has been shown to be 
effective to improve feed efficiency in growing pigs (Gilbert et al. 2007 and 2017; Cai et al. 
2008; Rothschild and Ruvinsky 2011). Unbalanced dietary nutrients and energy in the feed 
ration can result in unnecessary high excretion rate. Thus, a diet tailored to nutritional 
requirements is an important aspect for the environmental optimisation of pig production 
(Hauschild et al. 2012; Pomar and Remus 2019). Improving feed efficiency by adjusting the 
composition of the diet to the nutritional requirements of a group or an individual animal 
(precision feeding) has also been investigated (Pomar et al. 2009; Remus et al. 2019; Monteiro 




development (Brossard et al. 2017 and 2019). Other methods are available for environmental 
diet optimisation either by accounting for the choice of ingredients to be incorporated (Garcia-
Launay et al. 2018; Tallentire et al. 2017) or combining diet optimisation with minimum 
nutrient excretion impacts (Mackenzie et al. 2016). Life cycle assessment (LCA) has already 
been used for environmental assessment of various aspects of pig production systems 
(Lammers. 2011; Garcia-Launay et al. 2014; Mackenzie et al. 2015; McAuliffe et al. 2016 and 
2017; Ottosen et al. 2020). We assessed the environmental impacts of pig selection for feed 
efficiency in a previous study by using individual LCA (Soleimani and Gilbert 2020), which 
made it possible to link individual genetic profiles to individual environmental impacts. Here 
we propose an overall environmental optimisation approach for pig production which combines 
“pig selection for feed efficiency”, “formulation of a nutritionally tailored diet”, and 
“environmental optimisation of the diet” as a strategy to achieve an overall farm feed efficiency. 
To achieve overall farm feed efficiency, diets were formulated according to the nutritional 
requirements of lines selected for different feed efficiency levels. Given these constraints, diets 
with minimum environmental impacts were determined, and the resulting environmental 
impacts of a system combining selected lines fed their optimised tailored diet were quantified 
to assess overall farm feed efficiency. The aim of this study was to establish the optimisation 
model and assess the total environmental impacts of improvements in overall farm feed 
efficiency on pig production, by performing individual LCA. The performance traits correlated 
with the environmental impacts could then used for further pig selection choices for 
environmental objectives. 
 
2 Materials and methods 
2.1 Life cycle assessment (LCA) 
Environmental impacts were evaluated using LCA, which is most frequently used to 
assess the environmental impacts of products and services (Itskos et al. 2016). The marked 
contribution of emissions during animal farming, manure storage and application, quantified as 
global warming potential (GWP), acidification potential (AP) and eutrophication potential (EP) 
(de Vries and de Boer. 2010), have massive implications on human health and ecosystems. 
Thus, these three impact categories are the most common in LCA studies of pig production 
(McAuliffe et al. 2016). In addition, since vast land areas are required for producing ingredients 




located in sensitive ecosystems exposed to high land conversion rate, the land occupation 
impact category is important for an environmental impact assessment of pig production. 
Consequently, the impact categories GWP (kg CO2-eq), AP (kg SO2 eq), EP (kg P eq) and LO 
(m2a crop eq) were used to assess the environmental impacts in our study. ReCiPe Midpoint 
2016 (H) V1.02 (Huijbregts et al., 2017), was used together with Ecoalim (Wilfart et al. 2016) 
and Ecoinvent (Wernet et al. 2016) inventory databases for the impact assessment. Individual 
environmental assessments for each pig were implemented in SimaPro V8.5.4.0 on the MEANS 
(MulticritEria AssessmeNt of Sustainability) platform (http://www.inra.fr/means), following 
the approach we proposed in a previous study (Soleimani and Gilbert 2020).  
 
2.1.1 Goal and scope 
The goal of the present study was to develop an approach to achieve overall farm 
efficiency in pig farms, and to investigate the resulting environmental impacts using a trait-
based individual LCA model (Soleimani and Gilbert 202  (.0 A ‘cradle-to-farm-gate’ system 
boundary including feed production, sow-litter, post-weaning, fattening pigs and manure 
management, was taken from conventional French pig farming systems. A simplified process 
flow diagram of the system is shown in Figure 1. One kg of pig live weight (LW) at the farm 
gate was chosen as the functional unit, and used as a reference to compare the environmental 
impacts of the different scenarios.  
 
Fig 1. Scheme of the system boundary, which includes the entire pig farm, feed 





2.1.2 The LCA model 
The LCA model was developed in six separate modules: feeding plan, animal profile, 
emissions, excretion, water expenditure, and energy expenditure (Soleimani and Gilbert, 2020). 
Briefly, the model was developed based on pig net energy (NE) requirements, with a focus on 
the fattening period to allow prediction of the different performance profiles resulting from the 
composition of the tested diet. InraPorc® software, designed to simulate the performance pigs’ 
response to different nutritional strategies (van Milgen et al. 2008; Dourmad et al. 2008), was 
incorporated in the LCA model to obtain sow-litter profiles (identical in all scenarios), feeding 
plans and corresponding simulated growth performance during fattening. Water and energy 
expenditures were calculated based on the IFIP report on typical French farms (IFIP - Institut 
de la Filière porcine 2014). The individual fattening performance traits were used as input 
parameters in the life cycle inventory (LCI) in SimaPro to perform individual LCAs. The 
components of excreta (dry matter (DM), organic matter (OM), nitrogen (N), phosphorus (P), 
and potassium (K)) were calculated using the mass-balance approach, as the difference between 
nutrient intake in the feed and the nutrients retained in the body (Supplementary material S1). 
A typical French slatted floor type of housing and slurry storage was adopted, along with system 
expansion approach considering that the manure produced replaced a certain percentage of 
mineral fertilisers (Garcia-Launay et al., 2014). Average performance data were used for the 
sow-litter stage, and individual performance data were used for the post weaning and fattening 
stages. Emissions of enteric methane (CH4), nitrous oxide (N2O), nitrogen (N2) and ammonia 
(NH3) in the building and during outside storage were calculated according to the IPCC 
guidelines (Tier I and Tier II) using model and emission factors developed by Rigolot et al. 
(2010a and 2010b) for French pig systems. Methane emissions from manure during storage, 
emissions of N2O, were calculated using the guidelines provided by the intergovernmental 
panel on climate change IPCC (2006, Tier 2) and the potential leaching rate of PO4 and NO3 
during spreading of slurry were adopted from Nguyen et al. (2012). NOx emissions were 
calculated according to Nemecek et al. (2004). The fertiliser equivalence value of the manure 
as a replacement for synthetic fertiliser was considered to be 100% for P and K (Nguyen et al. 
2011) and 75% for N (Nguyen et al. 2010). To ensure the results were comparable, the 
inventories, methods and calculations were kept the same in all the LCA runs. The 
environmental impacts of the diet ingredients were obtained from the Ecoalim dataset (Wilfart 
et al. 2016) of the AGRIBALYSE® database using the Recipe method 2016, applying the 




transport of ingredients from the farm to the feed factory (Garcia-Launay et al. 2018), and a 
value of 30 km (Cadéro et al. 2018) was used for the distance from the feed factory to the pig 
farm, taken from the attributional life cycle inventories of the ecoinvent version 3.1 database.  
 
2.2 Experimental data  
Experimental data (body weights, feed intakes, body composition) were available from 
birth to slaughter weight for two lines of Large White pigs divergently selected for RFI under 
ad-libitum feeding with the conventional diet. The composition of the conventional diet is 
reported in the supplementary material S2. The selection process concerning low RFI (LRFI, 
more efficient pigs) and high RFI (HRFI, less efficient pigs) lines are reviewed in Gilbert et al. 
(2017). The dataset used in the present study included data from 57 male pigs of the fifth 
generation of each line fed a conventional diet formulated to cover pig requirements. Growing 
pigs had ad libitum access to a one-phase conventional diet from 10 weeks of age to slaughter 
(at about 115 kg body weight). The data on individual daily feed intake (DFI) for the whole 
fattening period were recorded on automatic feeders (ACEMO, Pontivy, France), and back fat 
thickness (BFT) was measured via ultrasounds on live animals at 23 weeks of age, using an 
echograph (ALOKA SSD-500, Cergy Pontoise, France). Average daily gain (ADG), feed 
conversion ratio (FCR) and RFI were then computed as reported in Gilbert et al. (2007). The 
experimental data for reproductive sows and litters of the same lines (LRFI and HRFI) including 
the mean sow and piglet BW at weaning and farrowing, sow BFT before farrowing, sow 
lactation DFI, number of total born, still born and weaned piglets, piglet BW at birth and at 
weaning, and farrowing and weaning age, were adopted from Gilbert et al. (2012). 
 
2.3 Line diet optimisation 
In this study, the diet formulation was optimised to obtain diets with minimum 
environmental impacts but covering the specific nutritional requirements of the different 
genetic lines. To diversify the sources of energy and protein available for the diet formulation, 
six ingredients, oats, triticale, corn, peas, rapeseed meal, and sunflower meal were added to the 
eight ingredients of the conventional diet (barley, wheat, soybean meal, sunflower oil, and 
synthetic AA L_lysine (LLY), L_threonine (LTH), L_tryptophan (LTR), DL_methionine 




at the market and on the accessibility of their characterization data in the embedded database 
of InraPorc®. The net energy (NE) density and digestible CP and AAs of the ingredients were 
extracted from the INRA-AFZ database (Sauvant et al. 2004) of feed ingredients (Table 1). 
Ingredients like salt, carbonate calcium and vitamins, which do not have digestible energy, CP 
or AAs, were considered as additives and excluded from the formulation step, so in total Q = 
14 ingredients were retained for formulation. Some common industrial rules and 
recommendations for commercial diet formulation, such as storage availability, are beyond the 





































Barley b 80.5 2.85 2.62 1.03 1.43 9.56 0.46 5.60 0.16 1.371 
Oat o 74.2 2.99 2.36 0.94 1.51 8.06 0.50 7.95 0.20 2.079 
Triticale T 83.4 3.24 2.71 1.06 1.53 10.40 0.48 5.43 0.19 1.837 
Corn c 69.8 1.92 2.49 0.40 1.55 11.20 0.33 7.11 0.12 1.033 
Pea p 165.8 12.45 5.93 1.31 1.60 9.75 0.37 3.65 0.57 2.663 
Rapeseed meal r 254.7 13.5 10.87 3.28 6.00 6.26 0.40 5.36 0.10 1.211 
Sunflower meal sm 273.5 9.68 9.72 3.44 6.99 5.50 0.25 2.94 0.25 1.975 
Wheat soft w 92.8 2.51 2.66 1.14 1.51 10.54 0.42 7.96 0.129 1.330 
Soybean meal s 391 25.02 15.4 5.25 5.89 7.86 1.52 5.64 0.385 2.086 
Sunflower oil f 0 0 0 0 0 29.76 1.17 15.51 1.12 8.701 
L-Lysine HCL LLY 954 798 0 0 0 11.88 10.55 76.60 37.85 3.118 
L-Threonine LTH 731 0 990 0 0 11.11 10.62 84.23 37.16 3.109 
L-Tryptophan LTR 853 0 0 985 0 11.53 21.24 168.47 74.32 6.219 
DL-Methionine DLM 584 0 0 0 990 10.61 2.99 8.86 0.270 0.016 
CP = crude protein; LO = land occupation; EP= freshwater eutrophication potential; AP = acidification potential; GWP= global warming potential; NE = 
net energy; P = phosphorous; m2a crop= area time; NE density and digestible CP and amino acids (lysine, threonine, tryptophan, and methionine) of the 
ingredients were extracted from the INRA-AFZ database of feed ingredients. The environmental impacts of diet ingredients (GWP, AP, EP, LO) were obtained 






2.3.1 Choice of nutritional requirements for diet formulation 
To formulate a diet tailored to animal dietary requirements, the nutritional constraints 
which should be satisfied by the diet have to be identified. Pigs adjust their ad-libitum feed 
intake to the net energy density (NE) of the diet (Quinion and Noblet 2012). Consequently, 
dietary nutrients are up taken proportionally to the NE of the diet. In cereal-based diets, essential 
amino acids (AA) lysine, threonine, tryptophan, and methionine are the most limiting AA 
(D'Mello. 1993), which turned out to be mostly added as synthetic AA to cereals to achieve 
balanced nutritional composition, as in the conventional diet used to obtain the pig 
performances in our previous study (see Table 1, Soleimani and Gilbert 2020, for details). Thus, 
to avoid AA deficiency, these four amino acids were set as target constraints in the formulation. 
In addition, to satisfy the dietary requirements of all amino acids, crude protein (CP) was also 
set as a target constraint to ensure coverage of the remaining essential and non-essential amino 
acids. Finally, digestible CP and AA requirements were standardised to the NE content of the 
diet, to account for the feed intake regulation by NE density. Therefore digestible crude protein 
(CP), digestible lysine, digestible threonine, digestible tryptophan and digestible methionine, 
expressed as standardised requirements to the diet NE (g/MJ NE), were retained as the target 
constraints to be satisfied by the diets tailored to the pig requirements.  
 
2.3.2 Determination of the representative nutritional requirements of the lines 
The experimental data were imported into InraPorc® to calibrate a growth performance 
profile for each individual pig. The profiles were calibrated using the recorded daily ad-libitum 
feed intake during the fattening period with the conventional diet, expressed relative to the NE 
of the diet. The individual digestible CP and AA requirement profiles of the pigs were then 
obtained as InraPorc® outputs. Pigs are usually fed in groups with a single diet adjusted to the 
nutrient requirements of a representative pig in the group (Remus et al. 2019). Accordingly, the 
five targeted daily requirements for the whole fattening period were extracted from InraPorc® 
for each individual to identify the representative pig for each line in our dataset. For all 
individuals, the maximum requirement for these five indicators were observed in the early 
stages of the growing period. From these individual maxima, the mean maximum requirement 
for each line was computed for each indicator as the representative requirement of each line. In 




digestible lysine requirement (g per MJ NE), Gamma the digestible threonine requirement (g 
per MJ NE), Lambda the digestible methionine requirement (g per MJ NE), and Delta the 
digestible tryptophan requirement (g per MJ NE).  
 
2.3.3 Diet formulation tailored to each line 
To consider the representative requirement of each line in the tailored diet formulation, 
linear equations (1-6) were retained as constraints for each line l (l = 2 in our study) and Q 
possible ingredients (Q = 14 in our study). Since the diet would be formulated for one kg of 
feed, the first equation ensures the prospective diet plus the additives does not exceed one kg, 
and the rest of the equations ensure the dietary nutrients correspond to the representative 
requirements of each line.  
 
1kg –  additives (kg) = ∑ 𝑞𝑖𝑙  
𝑄
𝑖=1
    (1) 
𝐴𝑙𝑝ℎ𝑎𝑙 =
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2.3.4 Formulating tailored diets with minimum environmental impacts for each line 
The least environmental impact formulation approach implemented in this study involves 
two steps (1) formulating a least cost (LC) diet as the baseline reference for environmental 
impacts and cost, and (2) formulating a diet with the lowest environmental impact score in an 
acceptable cost interval compared to the least cost diet. In step 1, the objective function of the 
optimisation is the cost, which should be minimised conditionally to the nutritional constraints 
in equations (1) to (6). For the nutritional constraints, the cost constraint was normalized to the 
ingredient NE to compute the diet cost to minimise:      
 
𝑚𝑖𝑛 𝑐𝑜𝑠𝑡 = ∑ 𝑞𝑖𝑙  𝑝𝑖/ 𝑁𝐸𝑖 
𝑄
𝑖=1
      (7) 
 
where 𝑞𝑖𝑙, pi and NEi are the rate of incorporation of the i
th ingredient in line l, the price 
and net energy of ith ingredient, respectively, with i = 1,…, Q. The least cost diet for each line 
was obtained through an evolutionary optimisation algorithm of NSGA-II from equations (1) 
to (7) with library of mco in R version 3.6.3 (population size of 340 and 3,500 generations). 
This algorithm identifies the non-dominated solutions on the Pareto-optimal front curve that 
best satisfy the nutritional and cost constraints. The price of each ingredient was obtained from 
the monthly average of the market price of ingredients in France reported by IFIP (IFIP, 
Mensuel d'information aliment, May 2020). The environmental impacts of the least cost diet 
(GWPLC, APLC, EPLC, LOLC,) for each line l were calculated by summing the environmental 
impacts of each ingredient (Table 1) in proportion to its rate of corporation in the diet:  
 
𝑖𝑚𝑝𝑎𝑐𝑡𝐿𝐶𝑙  = ∑ 𝑞𝑖𝑙  𝑖𝑚𝑝𝑎𝑐𝑡𝑖
𝑄
𝑖=1
    (8) 
 





For step 2, the first task was to define an environmental impact score to minimise. The 
environmental impacts of the least cost diet were used for each line as normalization factors for 
each impact, as proposed by Garcia-Launay et al. (2018). Then, weights were applied to obtain 
an environmental impact score (EI score) to minimise as a new objective function: 
    




𝑖𝑚𝑝𝑎𝑐𝑡=1                                     (9) 
 
where 𝑞′𝑖𝑙 is the quantity of i
th ingredient in the diet with the lowest environmental impact 
score for line l. In our study, an equal weighting of one was first used for wGWP, wEP, wAP and 
wLO to avoid unbalanced impacts of the environmentally optimised tailored diet. Finally, the 
costs of the least environmental score diets were limited to avoid exceeding the cost of the least 
cost diet by more than 10%. The NSGA- II algorithm was applied to obtain the diets with the 
lowest environmental impact score under the dietary requirement constraints for each line, from 
equations (1) to (6) and (9) with cost < 110% least cost.  
 
2.3.5 Sensitivity analysis of the environmental impacts of the diets to the 
representative requirements of the lines and environmental score weights  
To define an approach to assess the sensitivity of the environmental impacts of the diets 
to changes in the representative requirements of the lines, first the correlations between the 
individual maximum requirements of the pigs in each line were computed. All the 
representative requirements were highly correlated (> 0.99). To consider these high correlations 
in a sensitivity analysis, an all-at-once sensitivity analysis was conducted based on changes in 
all the requirements combined, first for +1SD, and then for -1SD, separately for the two lines. 
Then the full diet optimisation process described above was applied again, and the differences 
in the environmental impacts of the new optimised tailored diet relative to the initial optimised 
tailored diet were used for within-line sensitivity analysis. An impact category was considered 
to be sensitive to changes in the representative requirements of the line if the change in that 
impact category was greater than 5% (Mackenzie et al. 2016) due to changing by +1SD or -
1SD all the representative requirements of the lines at once. In addition, in the environmental 
score used for optimisation, the environmental impact weights (wGWP, wEP, wAP and wLO) were 




choice of weight, a one-at-a-time sensitivity analysis was performed based on successive 
changes of +0.5 and -0.5 for each weight in each diet optimisation run, separately for the two 
lines. 
 
2.4 Environmental evaluations of overall farm feed efficiency  
The growth performance traits, including average daily feed intake, average daily gain, 
back fat thickness, body protein and body lipid at slaughter (120 kg) and length of the fattening 
period, were simulated with InraPorc® for each pig in response to its line optimised tailored 
diet. These performances were then used as input parameters for the individual trait-based LCA 
mode (Soleimani and Gilbert 2020) to assess the environmental impacts of the overall farm 
feed efficiency approach. Statistical analyses were applied to the outputs of the different steps 
of this evaluation, based on calculation of the line means and standard deviations (SD) of 
growth performance traits and their environmental impacts. T-tests were used to test the line 
differences, and environmental impacts were declared significantly different between scenarios 
when P < 0.05. Correlations between traits and environmental impacts were performed to 
identify the traits with maximum environmental impact. In addition, a principal component 
analysis was also performed for a better understanding of the relationships between the 
components (using fviz function from library of factoextera in R). 
 
Results  
3.1 Representative requirements of the lines based on individual requirements 
Table 2 lists the means and standard deviations of the five representative requirements of 
the two genetic lines (digestive CP, lysine, threonine, methionine, and tryptophan). On average, 
the LRFI line had +5% requirements in g/MJ NE compared to the HRFI line (P < 0.05), with 





Table 2. Mean maximum individual standardised requirements for the low residual feed 
intake (LRFI) line and the high residual feed intake (HRFI) line and their standard deviations 
(N=57 pigs per line) 
 LRFI HRFI P 
Alpha: digestible crude protein requirement (g/MJ NE) 11.75 (2.46) 11.04 (2.33) <0.05 
Beta: digestible lysine requirement (g/MJ NE) 0.91 (0.20) 0.86 (0.18) <0.05 
Gamma: digestible threonine requirement (g/MJ NE) 0.58 (0.12) 0.55 (0.11) <0.05 
Lambda: digestible methionine requirement (g/MJ NE) 0.27 (0.03) 0.26 (0.05) <0.05 
Delta: digestible tryptophan requirement (g/MJ NE) 0.16 (0.06) 0.15 (0.03) <0.05 
 
 
3.2 Environmentally optimised diets tailored to the nutritional requirements of each 
line 
The least environmental impact score diet which satisfies the representative requirements 
of each line at a cost less than 110% of that of the least cost diet was retained as the optimised 
tailored diet for the corresponding line. The LRFI optimised tailored diet had 9.38 MJ NE/kg, 
and the HRFI optimised tailored diet had 9.75 MJ NE/kg, with triticale, in which the proportions 
of sunflower meal and soybean meal were highest in the LRFI optimised tailored diet, whereas 
pea and sunflower oil were incorporated only in the HRFI optimised tailored diet 
(supplementary material S3). In addition, smaller quantities of synthetic AA were incorporated 
in the LRFI optimised tailored diet (L-Tryptophan and DL-Methionine), whereas L-Lysine was 
higher in this diet. Compared to their respective least cost diets with the 9.27 MJ NE/kg for 
LRFI and 10.01 MJ NE/kg for HRFI, the main differences in composition were in triticale, 
wheat, sunflower meal and corn along with less incorporation of L-Lysine in HRFI optimised 
tailored diet. Table 3 lists the environmental impacts and cost of the line optimised tailored 
diets and least cost diets, together with the conventional diet. The environmental impact score 
of the optimised tailored diets decreased of -5.2% for HRFI and -5.8% for LRFI compared to 
the score of conventional diet, as the feed cost per MJ NE (-11.5% and -12.0%). When 
considering the detailed E environmental impacts, the optimised tailored diets showed 
reductions per MJ NE of feed for GWP (-12.8% and -4.5% for the HRFI optimised tailored diet 
and LRFI optimised tailored diet, respectively), LO (-18.6% and -27.4%), AP (-5.2% for HRFI), 
and increased in EP (+3.1% for LRFI) and EP (+40.7% and +8.4 %). The price of optimised 




conventional diet (0.234 €/kg) per kg of feed and per MJ of NE. These feed prices were less 
than 110% of the least cost diets prices of each line. 
 
Table 3 Environmental impacts of 1 kg of the conventional, optimised tailored diet 





















/kg feed        
  LRFI OTD 0.456 6.64 0.43 1.27 3.68 0.199 9.38 
  LRFI least cost diet 0.504 5.71 0.49 1.69 4.00 0.187 9.30 
  HRFI OTD  0.433 6.34 0.58 1.48 3.85 0.208 9.78 
  HRFI least cost diet 0.484 6.84 0.60 1.42 4.00 0.204 10.01 
  Conventional diet 0.494 6.66 0.41 1.81 4.04 0.234 9.70 
/MJ NE        
  LRFI OTD  0.0486 0.707 0.0458 0.135 0.392 0.0212 
  LRFI least cost diet  0.0541 0.613 0.0526 0.181 0.430 0.0201 
  HRFI OTD  0.0442 0.648 0.0593 0.151 0.393 0.0213 
  HRFI least cost diet  0.0483 0.683 0.0599 0.141 0.399 0.0203 
  Conventional diet  0.0509 0.686 0.0422 0.186 0.416 0.0241 
P = phosphorous; m2a crop eq= area time; EIscore = environmental impact score obtained 
from normalized impacts to the least cost diet combined additively with a weigh of one. The 
difference in percentage between the low residual feed intake line (LRFI) and the high RFI 
(HRFI) line optimised tailored diets (OTDs) with conventional diet standardised to their net 
energy (NE).  
 
3.3 Sensitivity analysis of the environmental impacts of the diets to the 
representative requirements of the lines and weighting factors  
To evaluate the sensitivity of the optimised tailored diet environmental impacts to the 
changes in representative requirements of the lines, a sensitivity analysis was performed by 
changing all the requirements by +1 or -1 SD at once. The percentage changes in the 
environmental impacts and the environmental score of the new optimised tailored diets (details 
on composition are provided in supplementary material (S3) are shown in fig 2. All 
environmental impacts increased after increasing the representative requirements of the lines 




were more than 5% for all environmental impacts with the exception of AP (+4%), whereas 
sensitivity was much higher for the LRFI optimised tailored diet, with marked increases in LO 
and EP (> +35%). On the other hand, decreasing all the representative requirements of the lines 
by 1SD led to moderate changes in the environmental impact of the line optimised tailored 
diets. HRFI optimised tailored diet had increased GWP and LO after reduction of the 
requirements (> +11%), and decreased EP (-25%), whereas all environmental impacts were 
reduced for the LRFI optimised tailored diet when -1SD was applied to the requirements, from 
6% (EP) to 10% (LO), with very limited change in AP. Based on these sensitivity results, GWP, 
EP and LO were most sensitive to the changes in requirements. The environmental scores were 
affected by the changes in requirements mainly in the LRFI line, with a decrease of 6.2% when 
the requirements were reduced and an increase by 18% when they were increased. 
 
To evaluate the sensitivity of the optimised tailored diet score to variations of 
environmental impact weights, a one-at-a-time sensitivity analysis was performed (fig 3). 
Altogether, the sensitivity of the optimised tailored diet environmental score to the score weight 
changes was relatively low, and only found for LRFI optimised tailored diet: the main 
sensitivity was found for increases in the LRFI optimised tailored diet scores in relation to LO, 
EP and AP reduced weights (increases > 6%), and LRFI optimised tailored diet scores when 
the weights for AP and GWP were increased. 
 
Fig 2. Percentage changes in the environmental impacts and score of the optimised tailored 
diets for the high residual feed intake (HRFI) line and the low residual feed intake (LRFI) line 
when the representative requirements of the lines are changed by ±1SD all-at-once in the diet-
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optimised formulation. GWP = global warming potential; AP = acidification potential; EP = 
freshwater eutrophication potential; LO = land occupation. 
 
 
Fig 3. Percentage changes in the environmental score of the optimised tailored diets of the high 
residual feed intake (HRFI) line and the low residual feed intake (LRFI) line when the weights  
(wGWP, wEP, wAP and wLO) were changed by ±50%  one-at-a-time for the diet-optimised 
formulation. wGWP = weight for global warming potential; wEP  = weight acidification potential; 
wEP  = weight freshwater eutrophication potential; wLO = weight  land occupation. 
 
3.4 Simulated individual trait responses to the line optimised tailored diets 
The performance responses of all individual pigs to the line optimised tailored diets were 
simulated with InraPorc® up to the 120 kg BW. Table 4 gives the resulting mean and SD of the 
performance traits for each line. Significant differences between the lines were observed for 
feed intake (P < 0.05), energy conversion ratio (P < 0.001), protein weight at slaughter (P < 
0.0001), backfat thickness (P < 0.0001), body lipids at slaughter (P < 0.0001), with lower 
average values in the LRFI line, and age at slaughter (P < 0.05) and ratio body proteins/body 
lipids at slaughter (P < 0.0001), with higher values in the LRFI line.  




















Table 4 Mean and standard deviation (SD) of growth performance traits and body 
composition for the low residual feed intake (LRFI) line and high residual feed intake (HRFI) 












Traits      
  ADG fattening (kg/d) 0.78 0.81 0.09 0.07 0.061 
  ADFI fattening (kg/d)  2.04 2.13 0.21 0.16 <0.05 
  FCR fattening (kg /kg gain) 2.61 2.64 0.19 0.18 0.55 
  ECR fattening (MJ /kg gain) 24.56 25.84 1.81 1.77 <0.001 
  Fattening duration (days) 119.5 112.9 16.3 11.8 <0.05 
  BW slaughter (kg) 121.37 121.26 0.43 0.43 0.34 
  Age slaughter (days) 191.05 185.12 15.26 11.36 <0.05 
PD fattening (g/day) 127.8 128.2 14.0 11.3 0.76 
      BL (kg) 24.70 28.08 3.09 2.65 <0.0001 
 BFT slaughter (mm) 16.20 17.50 1.15 0.99 <0.0001 
 BP (kg) 19.38 18.89 0.44 0.37 <0.0001 
 BP/BL at slaughter 0.79 0.68 0.11 0.07 <0.0001 
 
BW = body weight; ADG = average daily gain; ADFI = average daily feed intake; FCR 
= feed conversion ratio; ECR = energy conversion ratio; PD = protein deposition; BFT = back 
fat thickness; BP/BL = ratio of body protein weight/ body lipid weight at slaughter. BP = body 
protein content; BL = body lipid content. 
1P were calculated via a t-test on the line effect. 
 
 
3.5 Environmental assessment of the overall farm feed efficiency approach 
To assess the environmental impacts of producing 1 kg of live pig through feeding the 
line optimised tailored diets, an individual LCA was performed in SimaPro for each pig fed its 
line optimised tailored diet, based on the performance traits simulated with InraPorc®. Table 5 
lists the resulting four impact categories for the two lines. In response to their optimised tailored 
diet, all impact categories differed significantly (P < 0.05) between lines, the HRFI line having 




The lines with the conventional diet differed significantly in all impact categories (P < 0.0001), 
with a minimum difference in LO (+6.5%) and maximum difference in AP (+8.7%) in HRFI 
relative to LRFI (Table 5). The environmental impacts of the lines fed their optimised tailored 
diets are shown together with their environmental impacts with the conventional diet in Fig 4, 
with reference to the scenario with least environmental impacts (LRFI line fed its optimised 
tailored diet). Feeding the lines with their optimised tailored diets reduced all environmental 
impacts compared to when fed the conventional diet (P < 0.0001), with the exception of EP 
which increased (P < 0.0001). For all environmental impact categories, a bigger decrease was 
found with the line optimised tailored diet for the HRFI genetic line than the LRFI genetic line, 
with the exception of LO, which remained quite high. Altogether, feeding the HRFI line its 
optimised tailored diet led to a scenario with less environmental impacts than the LRFI line fed 





Table 5. Mean and standard deviation (SD) of four environmental impact categories calculated per kg of body weight of pig at the farm gate 
(120 kg body weight) through individual LCA using the ReCiPe 2016 Midpoint (H) V1.13 method for the low residual feed intake (LRFI) line and 
the high residual feed intake (HRFI) line fed their optimised tailored diet (OTDs) and conventional diet (Con).   
 






































35.6 36.5 2.37 2.22 <0.05 36.8 40.0 2.783 2.797 <0.0001 




3.53 4.17 0.21 0.24 <0.0001 4.30 4.58 0.30 0.30 <0.0001 
P = phosphorous; m2a crop eq = area time;  







Fig 4. Four environmental impact categories for the low residual feed intake (LRFI) line and 
high residual feed intake (HRFI) line fed their optimised tailored diet (OTD) and the 
conventional diet, presented relative to the impacts of the LRFI line fed its OTD. GWP = global 
warming potential; AP = acidification potential; EP = freshwater eutrophication potential; LO 
= land occupation. 
 for each impact category, different superscripts in Latin letters indicate significant 
differences at P < 0.05 for pairwise T test comparisons of impacts of the LRFI line fed different 
diets; different superscripts in Greek letters indicate significant differences at P < 0.05 for 
pairwise T test comparisons of impacts of the HRFI line fed different diets; different number 
superscripts indicate significant differences at P < 0.05 for pairwise T test comparisons of 
impacts of the LRFI line fed the conventional diet and the HRFI line fed the OTD. 
 
3.6 Correlations between growth performance traits and impact categories 
 
To gain more insight into the relationships between growth performance traits and 
environmental impacts when the lines where fed their optimised tailored diet, phenotypic 












































results in each line fed its own optimised tailored diet (supplementary material S4). According 
to the 95% confidence interval of the correlation estimations, no difference between lines could 
be inferred for these correlations, except for RFI whose correlation with environmental impacts 
was 0.49 in the LRFI line, whereas it was 0.11 in the HRFI line. A principal component analysis 
(PCA) was performed to illustrate these correlations between traits and environmental impacts. 
Figure 5 shows the projection of the traits and EIs on the two first dimensions. All the impact 
categories were highly correlated with FCR, with correlations higher than 0.82, driving the first 
dimension of the PCA. Impact categories also had moderate to high negative correlations with 
traits related to protein deposition BP/BL ratio, BP, PD and ADG, with the absolute values 




Fig 5. Projection of the traits and environmental impacts (EI) on the two first dimensions of a 
principal component analysis applied to the correlation matrix between and the environmental 
impacts and the traits after adjustment for the line effect (N=114 pigs with data). DUR = 
duration; ADFI = average daily feed intake; ADG = Average daily gain; BP = Body protein at 
slaughter; BP.BL = Ratio of body protein-to-body lipid at slaughter; PD = average daily protein 
deposition; BFT= back fat thickness; FCR= Feed conversion ratio; RFI = residual feed intake; 
BL= Body lipid content at slaughter; GWP = global warming potential; AP = acidification 





In this study, the reduction of environmental impacts of pig production due to 
improvement in overall farm feed efficiency was assessed through LCA. Genetic selection for 
feed efficiency, formulation of diet tailored to each line, and environmental diet optimisation 
were combined to achieve better production efficiency with reduced environmental impacts. 
 
4.1 Environmental assessment of overall farm feed efficiency 
Performing individual LCA on the two genetic lines of pigs fed their optimised tailored 
diet markedly improved the environmental score, demonstrating the value of the overall farm 
feed efficiency approach for environmental optimisation of pig production. In this study, the 
objective was to demonstrate that optimised combinations of genetics and diets is a path to 
reduce the environmental burden of pig production. From this simulation study, changes in the 
assumptions and conditions of the model could affect the outcomes of each scenario. However, 
most deviations from the current assumptions would have a similar effect for all the compared 
scenarios. For instance, it is expected that variations in the supply chain of the ingredients (e.g. 
origin), database inventories, manure management and application, farm operations, pig 
survival rate, and other methodological choices would modify the magnitude of the impacts for 
all scenarios, while the general conclusions about the scenario differences would hold robust. 
The results of this study are limited to the simulation tools and further field studies will be 
required to confirm these outcomes. With weights of 1 for the four impact categories in the 
environmental score and our list of ingredients, the lines fed their optimised tailored diet had 
lower GWP, AP and LO than the lines fed a single conventional diet, but not higher EP. Since 
the phosphorous content of the optimised tailored diets was lower than in the conventional diet, 
the increased EP in the two lines could be explained by the higher EP of the optimised tailored 
diet, via higher EP of their ingredients, rather than by increased excretion and leaching of 
phosphorous during manure storage and spreading. The substitution of the synthetic fertilisers 
by the N, P and K of the manure has partly alleviated the environmental burdens of the pig 
production. The differences in environmental impacts between the LRFI and HRFI lines fed 
their optimised tailored diet were smaller than the differences when they were fed the 
conventional diet, even if only a limited list of ingredients to be incorporated was considered 




impacts and lower amino acid concentrations relative to NE, as HRFI pigs had lower 
representative requirements, could further limit the environmental impacts of the less efficient 
pigs in a population. Furthermore, as previously reported by Soleimani and Gilbert (2020) with 
the same model applied to the lines fed the conventional diet, correlations between performance 
traits and environmental impacts appear to be robust to changes in the animals’ genetic 
potential, and the present study shows that they are also robust to the diet. Thus, the high 
correlations between all environmental impacts and FCR and protein deposition related traits 
make them good candidates for the definition of an environmentally oriented selection index.  
 
4.2 Formulation of diets tailored to each line and environmental multiobjective 
optimisation 
A number of studies have been dedicated to optimise diets to achieve different objective 
functions. Pomar et al. (2012) considered the reduction in N and P excretions as the objective 
function, Nguyen et al. (2013) targeted cost as the objective function, and GWP and EP as the 
constraints. Tallentire et al. (2017) minimised a single impact as the objective function along 
with the constraint of limiting the increase in the cost of the diet compared to a least cost diet. 
Mackenzie et al. (2016) included four environmental impact categories in their objective 
function, and combined predictions of excretion corresponding to each dietary nutrient. Finally, 
Garcia-Launay et al. (2018) presented a multiobjective formulation method to include feed 
costs and environmental impacts in the objective function using weighting factors. In our study, 
we capitalised on these approaches to implement a multi-objective diet formulation combining 
environment, cost and line nutritional requirements. More specifically, the choice of an 
environmental score is critical, along with the choice of which environmental impacts to 
include, the choice of normalization factors to standardise the magnitude of the environmental 
impacts in the score, and the choice of weights to combine them. First, the four highest 
environmental impacts at the pig production level were retained. Energy demand for instance, 
as one of the main impacts of diet productions, could be added to the model later (Basset-Mens 
et al. 2005; Leinonen et al. 2012). Second, we normalized the diet impacts to the environmental 
impacts of the least cost diet for each line (Garcia-Launay et al. 2018), so all environmental 
scores can be interpreted with respect to this reference. Third, equal weights were considered 
for all impact categories in the definition of the environmental score to minimise (Mackenzie 




categories (Tallentire et al. 2017). Giving equal weights is an arbitrary choice, and, depending 
on the societal context and on the load of the different impacts on the territory, different weights 
could be applied. However, the sensitivity analysis results showed that changes in the 
environmental impact score are difficult to predict when the weights are modified, as previously 
reported by Garcia-Launay et al. (2018): a higher value for a given weighting factor does not 
ensure a major reduction in the intended impact, and may increase other impacts. Finally, rather 
than considering the estimated emissions and excretions after diet consumption in the diet 
optimisation (Mackenzie et al. 2016), our formulation approach was constrained to the NE 
content of the resulting diet. This choice ensures consistency with the expected intakes, and 
hence related emissions and excretions at the pig farm level. Simultaneously minimising the 
environmental impacts and constraining cost is a multi-objective optimisation problem, with 
the issue of having a different scale for each objective. Different approaches have been 
proposed to solve this problem in the context of combining environmental impacts and costs, 
such as monetising the environmental impacts to combine all objectives in a cost function (Eldh 
et al. 2006), or normalizing the impacts, and weighting them in a single score (Mackenzie et al. 
2016). To avoid assumptions on the costs of the different environmental impacts, we chose the 
second option in this study, and combined it with a constraint on the increase in cost. 
Environmental diet optimisation can increase the cost of the diet, which is the biggest 
production cost for owners of pig farms. Relative to the conventional diet, the optimised tailored 
diets cost less and had lower environmental impact scores, per kg of feed and per unit of NE. 
However, minimising the environmental impacts had a cost at the level of the diet, which in our 
study was higher for the HRFI optimised tailored diet than for the LRFI optimised tailored diet. 
Increasing the number of ingredients, and diversifying them towards incorporation of by-
products, would certainly provide more flexibility in the diet optimisation and minimisation of 
environmental impacts. However since the main concern of the study was to develop and 
demonstrate the approach towards overall farm feed efficiency, a limited number of new 
ingredients was tested. In addition to the environmental assessment of overall farm feed 
efficiency strategies proposed in this study, further economic assessments would be needed to 







4.3 Choice of nutritional requirements for each line and performance responses of 
individual pigs to their optimised tailored diet  
 
The representative requirements of the LRFI were higher than those of the HRFI, as 
previously reported by Gilbert et al. (2017) for the same genetic lines. Respecting the high 
correlations between the five representative requirements, the all-at-once sensitivity analysis 
showed that environmental impacts were quite sensitive to representative requirements, 
especially when they were increased by +1SD. Due to switches between ingredients to respond 
to the new requirements, the effects on the environmental impacts were quite varied, both in 
direction and magnitude. However, when summed in the environmental score, the main changes 
were changes in LRFI representative requirements. The higher baseline requirements for LRFI 
might reflect the higher sensitivity of impacts to higher requirements and underlines the need 
to adequately capture the nutritional requirements of the targeted animals.   
 
The performance traits showed a decrease in growth rate in both lines with the optimised 
tailored diets compared to the conventional diet (Soleimani and Gilbert, 2020), leading to 
approximately three more days required for the pigs to reach 120 kg BW. This is certainly 
related to the choice of representative requirements to formulate the line constraints: 
considering the average maximum nutritional requirements in each line would lead to the 
nonsatisfaction of the requirements in about half the animals in the early stage of the growing 
phase. In our dataset, this was limited to the very first days of the growing period, but could 
create a longer delay in reaching slaughter body weight. In an environmental perspective, the 
reduction in growth rate could be considered to be offset by the reduction in the environmental 
impacts to produce 1 kg of live pig in both lines. One possible way to alleviate this reduction 
in growth performance would be to increase the representative requirements, considering the 
75% quantile of the maximum pig requirements per line, rather than the average maximum. 
Increased environmental impacts would certainly result from this strategy, especially in the 
more efficient genetic line, as shown by the sensitivity analysis. However, this could be reduced 
by formulating optimised tailored diets for different growth stages using multiphase feeding. In 
addition, individually tailored diet formulation and optimisation would certainly offer higher 
overall farm feed efficiency through precision feeding of individual pigs (Pomar and Remus 




what extent cost is compromised by switching from a conventional diet to optimised tailored 




Animal selection for feed efficiency, formulation of diets tailored to the requirements of 
a genetic line, and environmental optimisation of the diet have  separate  potential for improving 
farm feed efficiency to reduce environmental impacts. Our study shows that combining these 
levers in an overall farm feed efficiency approach would remarkably reduce the environmental 
impacts of pig production systems. The real time diet formulation tailored to the requirements 
of each individual selected for feed efficiency, integrated in real time optimisation according to 
an objective or multi-objective environmental function, would be a complementary tool to 
mitigate the environmental impacts of pig production. Although environmental optimisation of 
the production system was achieved in our study, economic evaluations of the full production 
system including different ranges of genetic and dietary options will be necessary to achieve 
selection and formulation decisions that tackle the necessary trade-offs between economic and 
environmental objectives of a sustainable pig production system. 
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 Supplementary material of the paper 
 
Supplementary material 1. The following formulations have been applied to calculate 
the emissions and excretions using the mass-balance approach. 
 
eBW= 5.969 * BP 0.944 + 0.854 * BL 0.944 (van Milgen et al., 2008) 
Lean meat percentage = 72.58 – 43.49 * BL/ eBW (van Milgen et al., 2008) 
N Body = e^(-0.9892 – 0.0145 * Lean%) * eBW^(0.7518 + 
0.0044 Lean%) / 6.25 
(Dourmad et al., 1992) 
N Intake = Feed Intake * N Feed  
N Excreted = N Intake – N Retained  
P Body (g) = 5.39 * eBW (Rigolot et al., 2010a) 
Ca Body (g) = 8.56 * eBW (Rigolot et al., 2010a) 
K Body (g) = -0.0041 * eBW
2 + 2.68 * eBW (Rigolot et al., 2010a) 
Cu Body (mg) = 1.1 * eBW (Rigolot et al., 2010a) 
Zn Body (mg) = 20.6 * eBW (Rigolot et al., 2010a) 
N20 = 0.002 * N Excreted (Rigolot et al., 2010b) 
N2 = 5 * N20 (Rigolot et al., 2010b) 
NH3 Building (kg) = 17 / 14 * 0.24 * N Excreted (Rigolot et al., 2010b) 
ResD = Feed Intake * Residue Feed (Rigolot et al., 2010b) 
ECH4 growing = ResD * 670  (Rigolot et al., 2010a) 
CH4 Emitted = ECH4 / 56.65  (Rigolot et al., 2010a) 
CH4 Housing (kg) = VS * B0 * MCF (Rigolot et al., 2010b) 
OM Faeces = Feed * OMfeed * (1 – dCOM) (Rigolot et al., 2010a) 
dCOM = (0.744 + (14.69 DE – 0.50 NDF – 1.54 MM) / DM) / 
(OM / DM) 
(Rigolot et al., 2010a) 
 
eBW = empty body weight ; BP = body protein ; L = body lipid;  N Body  = nitrogen 
content of body; N Intake = total uptaken nitrogen; N Feed = nitrogen content of 1kg feed; N 
Excreted = total excreted nitrogen; NRetained = nitrogen retained in the body; OM = organic 
matter; MM = mineral mater; DM = dry matter; dCOM = feed organic matter digestibility 
coefficient; NDF = Neutral detergent fiber; B0 = maximum CH4 producing capacity; MCF = 
methane conversion factor; ResD = digested fibre ingested.CH4 = methane; N = nitrogen; Ca 





Supplementary material 2. Compositions of the conventional, optimised tailored diets 
(OTD) and least cost diets of the low residual feed intake (LRFI) and high RFI (HRFI) lines. 























Oat 0 0 0 0 0 
Triticale 0 53 1 545 170 
Corn 0 319 316 7 501 
Pea 0 0 160 28 38 
Rapeseed meal 0 155 82 34 1 
Sunflower meal  0 0 0 80 24 
Barley 409 354 347 263 153 
Wheat  327 73 44 1 2 
Soybean meal 48 202 3.83 0 0 67 
Sunflower oil 23 0 9 0 0 
L-Lysine HCL 3.5 5.6 4.5 5.5 7.7 
L-Threonine 1.4 1.7 1.8 2.0 1.9 
L-Tryptophan 0.3 0.4 0.5 0.2 0.5 
DL-Methionine 0.9 0.5 0.8 0.6 0.7 
Salt (Sodium Chloride) 4.5 4.5 4.5 4.5 4.5 
Calcium carbonate 11 11 11 11 11 
Dicalcium phosphate 12 12 12 12 12 
Vitamins and minerals 5 5 5 5 5 
Nutrient composition, g/kg 
Ash 58.5 54.3 52.1 54.3 49.1 
Dry matter 877.7 873.0 871.8 876.6 871.6 
Organic matter 819.2 818.6 819.8 822.4 822.5 
Crude protein 172.3 135.9 132.6 131.1 128.9 
Crude fiber 38.1 45.8 42.4 47.6 33.3 
Starch 411.5 465.4 482.4 481.5 521.2 
Gross energy (MJ/kg) 16.22 15.70 15.86 15.56 15.74 
NDF 141.7 159.9 145.8 161.2 124.3 
ADF 47.4 62.6 45.4 60.4 40.3 
Residue 163.0 165.6 147.0 165.9 122.2 
Calcium 9.97 9.63 9.12 9.08 8.67 






Supplementary material 3. The compositions of optimised tailored diets (OTDs) 
obtained from ±1 standard deviation (SD) changes in line representative requirements (LRRs) 
of the low residual feed intake (LRFI) and high residual feed intake (HRFI) lines. 
 
Ingredients HRFI +1SD HRFI -1SD LRFI +1SD LRFI -1SD 
Oat 0 63 6 0 
Triticale 290 173 491 5 
Corn 268 68 1 454 
Pea 6 65 25 3 
Rapeseed meal 16 4 2 29 
Sunflower meal  0 2 189 0 
Barley 180 397 194 234 
Wheat  60 157 49 215 
Soybean meal 48 137 0 2 19 
Sunflower oil 0 32 0 0 
L-Lysine HCL 5.5 4.5 7.0 5.4 
L-Threonine 2.1 1.7 2.4 1.7 
L-Tryptophan 0.4 0.3 0.3 0.4 
DL-Methionine 1.9 0.7 0.5 1.7 
Salt (Sodium Chloride) 4.5 4.5 4.5 4.5 
Calcium carbonate 11 11 11 11 
Dicalcium phosphate 12 12 12 12 







Supplementary material 4. Phenotypic correlations (95% confidence interval) of four 
environmental impact categories with the performances in the LRFI and HRFI lines fed the 
tailored diets. 
Trait GWP AP EP LO 
LRFI line     
ADG Fattening -0.60   
 (-0.75;-0.41) 
-0.57    
(-0.72;-0.37) 
-0.60    
(-0.74;-0.41) 
-0.60   
 (-0.74;-0.41) 
FCR Fattening 0.84    
(0.74;0.9) 
0.85  
  (0.76;0.91) 
0.84   
 (0.74;0.9) 
0.84    
(0.74;0.9) 
RFI (g/d) 0.49   
 (0.26;0.66) 
0.50   
 (0.29;0.67) 
0.49   
 (0.26;0.66) 
0.49  




  (0.49;0.79) 
0.63  
  (0.44;0.76) 
0.66  
  (0.49;0.78) 
0.66 
   (0.48;0.78) 
ADFI Fattening -0.13   
 (-0.38;0.13) 
-0.09   
 (-0.34;0.17) 
-0.13  
  (-0.37;0.13) 
-0.13  
  (-0.37;0.13) 
BP/BL ratio -0.42    
(-0.61;-0.19) 
-0.47    
(-0.65;-0.24) 
-0.43   
 (-0.62;-0.19) 
-0.43   
 (-0.62;-0.2) 
BFT 0.44  
  (0.21;0.63) 
0.48   
 (0.26;0.66) 
0.45   
 (0.22;0.63) 
0.45  
  (0.22;0.63) 
PD -0.76   
 (-0.85;-0.63) 
-0.74   
 (-0.84;-0.59) 
-0.76   
 (-0.85;-0.62) 
-0.76 
   (-0.85;-0.62) 
BL  0.44    
(0.21;0.63) 
0.48  
  (0.26;0.66) 
0.45  
  (0.22;0.63) 
0.45  
  (0.22;0.63) 
BP  -0.56   
 (-0.71;-0.35) 
-0.59   
 (-0.74;-0.4) 
-0.56   
 (-0.71;-0.35) 
-0.56   
 (-0.71;-0.36) 
HRFI line  
ADG Fattening -0.51  
  (-0.68;-0.29) 
-0.49   
 (-0.67;-0.27) 
-0.51  
  (-0.68;-0.29) 
-0.51  
  (-0.68;-0.28) 
FCR Fattening 0.82  
  (0.71;0.89) 
0.83  
  (0.72;0.89) 
0.82  
  (0.71;0.89) 
0.82  
  (0.71;0.89) 
RFI (g/d) 0.11 
   (-0.16;0.36) 
0.12  
  (-0.14;0.37) 
0.11  
  (-0.15;0.36) 
0.11  
  (-0.15;0.36) 
ADFI Fattening 0.73   
 (0.58;0.83) 
0.71  
  (0.55;0.82) 
0.73   
 (0.57;0.83) 
0.72   
 (0.57;0.83) 
BP/BL ratio -0.01  
  (-0.27;0.25) 
0.02  
  (-0.24;0.28) 
0  
  (-0.26;0.26) 
0   
 (-0.26;0.26) 
BFT -0.63   
 (-0.76;-0.44) 
-0.65  
  (-0.78;-0.47) 
-0.63  
  (-0.77;-0.45) 
-0.63   
 (-0.77;-0.45) 
PD 0.68   
 (0.51;0.8) 
0.7 
   (0.54;0.81) 
0.68   
 (0.51;0.8) 
0.68  
  (0.51;0.8) 




 (-0.81;-0.53)   (-0.8;-0.51)    (-0.81;-0.52)  (-0.81;-0.52) 
BP  0.68   
 (0.51;0.8) 
0.70    
(0.54;0.81) 
0.68  
  (0.51;0.8) 
0.68   
 (0.51;0.8) 
 
ADG = average daily gain; ADFI = average daily feed intake; FCR = feed conversion 
ratio; PD = protein deposition; BFT = back fat thickness; BP/BL = ratio of body protein weight/ 
Body lipid weight; CC = climate change; AP = acidification potential; EP = freshwater 





 Main messages from Chapter 3 
 
A linear multi-objective optimisation method allowed to combine diet optimisation 
tailored to meet the line nutritional requirements with environmental optimisation of the 
diet (Figure 12). The environmental optimisation was obtained by weighting the environmental 
impacts of the diet in a single environmental impact score.  
Thanks to the inclusion of InraPorc® in the LCA model, the production traits of each 
individual animal in response to the optimised diets were simulated, and used for individual 
assessment of the overall farm feed efficiency approach.  
Integrating selection for feed efficiency, nutritional requirements of genetic lines 
and environmental diet optimisation resulted in overall mitigation of environmental 
impacts. Environmental impacts decreased compared to environmental impacts of the lines fed 
the conventional diet, by an average of 4.2% for LRFI and 3.8% for HRFI lines (P < 0.05). This 
outcome is consistent with previous results about the advantage of precision feeding for 
lowering environmental impacts on one hand, and opportunities to formulate environmentally 
optimised diets, but quantifies the improvement brought by their combination.  
Opportunities to lower impacts of particularly low efficient individuals were 
identified, as the HRFI line with its optimised tailored diet had fewer impacts than the LRFI 
line with the conventional diet, except for EP. The high correlations between environmental 
impacts and feed efficiency reported in the previous chapter were confirmed, and were not 







Figure 7. Schematic representation of the base-LCA individual model developments in this 





  Economic and environmental assessments of combined 
genetic and nutritional strategies: towards a sustainable optimisation of 










This chapter aimed to investigate more globally the sustainability of selection for feed 
efficiency, alone or combined with further diet optimisations, by adding an economical 
assessment to the developed LCA model. Indeed, sustainability comprises the joint optimisation 
of its three pillars, so the cost of environmental optimisation needed to be quantified. In 
addition, the potential for combined optimisations on the two pillars was examined: a joint 
economic and environmental diet optimisation was added to the diet formulation step to 
determine a trade-off between economy and environment for the diets. 
To fulfil this aim, a trait based bio-economic model was developed from a profit 
approach. Incorporating the appropriate traits as input parameters to the model enabled 
performing individually economic assessment. This development was carried out during a four 
months internship from Nov 2019 to Feb 2020 at AGBU (Armidale, Australia), visiting Prof. 
Susanne Hermesch. The bio-economic model and previously developed LCA model were 
applied in parallel to individually assess the economic and environmental impacts of selection 
for feed efficiency combined to the tailored diets optimised for least cost, least environmental 
score, and joint economy-environment objectives.  
This work has been accepted for oral communication in the French Porcine Days, Feb 
2021, 53èmes Journées de la Recherche Porcine (chapter 6, scientific communications), and is 
published in the Journal of Animal Science (2021). The supplementary material is provided at 
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We evaluated the economic and environmental impacts of strategies that incorporated 
selection for pig feed:gain and dietary optimization based on a single or multiple objectives 
tailored to meet the population’s nutritional requirements, with the goal to optimize sustainable 
farm feed efficiency. The economic and environmental features of the strategy were evaluated 
using life cycle assessment (LCA) and bio-economic models. An individual trait-based LCA 
model was applied to evaluate global warming potential (GWP), terrestrial acidification 
potential (AP), freshwater eutrophication potential (EP), and land occupation (LO) of the 
combined genetics and nutrition optimization to produce 1kg of live pig weighing 120kg at the 
farm gate. A parametric individual trait-based bio-economic model was developed and applied 
to determine the cost breakdown, revenue and profit to be gained from a 120kg live pig at the 
farm gate. Applying the combined genetics and nutrition optimization, the individual 
performance traits of pigs from two genetic lines with contrasted levels of feed efficiency were 
simulated with InraPorc in response to diets formulated for least cost, least environmental 
impacts, or minimum combination of cost and environmental impacts objectives, and 
accounting for the nutritional requirements of each line. Significant differences in the 
environmental impacts (P < 0.0001) and profit (P < 0.05) between lines predicted the same 
reference diet showed that selection for feed efficiency (residual feed intake, RFI) in pigs 
improves pig production sustainability. When pig responses were simulated with their line 
optimized diets, except for EP, all the line environmental impacts were less (P < 0.05) than with 
the reference diet. The high correlations of feed conversion ratio (FCR) with the environmental 
impacts (> 0.82) and the profit (< -0.88) in both lines underline the importance of feed efficiency 
as a lever for the sustainability of pig production systems. Implementing combined genetics and 
nutrition optimization, the inherent profit and environmental differences between the genetic 
lines was predicted to be reduced from 23.4% with the reference diet to 7.6% with the diet 
optimized jointly for economic and environmental objectives (joint diet). Consequently, for 
increased pig sustainability, diet optimization for sustainability objectives should be applied to 
cover the specific nutritional requirements arising in the herd from the pigs’ genetic level. 
 
Key words: bio-economic model, feed efficiency, residual feed intake, genetic, 




LIST OF ABBREVIATIONS 
LCA, life cycle assessment  
GWP, global warming potential  
AP, terrestrial acidification potential  
EP, freshwater eutrophication potential  
LO, land occupation  
RFI, residual feed intake 
FCR, feed conversion ratio  
LRFI, low residual feed intake  
HRFI, high residual feed intake  
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Improvement in feed efficiency in pigs can be achieved through genetic selection for feed 
efficiency as feed efficiency itself (gain:feed), feed: gain, its inverse, or residual feed intake 
(RFI), diet formulation tailored to the animal’s requirements, and optimized to achieve 
additional objectives. These approaches, alone or combined, have led to the emergence of 
different feed efficiency scenarios for better production sustainability, some of which have been 
the subject of separate investigations. Selection for feed efficiency based on the measurement 
of residual feed intake (RFI) and feed conversion ratio (FCR, feed:gain) have been successfully 
implemented in pigs (Clutter , 2011; Gilbert et al., 2007; Cai et al., 2008; Gilbert et al., 2017). 
The environmental impacts of selection for feed efficiency based on RFI were investigated, for 
instance by Soleimani and Gilbert (2020a). Improving feed efficiency and reducing 
environmental impacts by feeding animals with diets tailored to their nutritional requirements 
based on the precision feeding concept, have also been investigated (Pomar et al., 2009; 
Monteiro et al., 2016; Remus et al., 2019), and appropriate methods, decision support tools, and 
systems are currently under development (Brossard et al., 2017; Brossard et al., 2019). 
Mackenzie et al., (2016); Tallentire et al., (2017), and Garcia-Launay et al., (2018) proposed a 
variety of diet optimization protocols based on single or multiple objectives. The environmental 
impacts of feed efficiency improvement scenarios combining genetics, tailored diet 
formulation, and environmental optimization were investigated by Soleimani and Gilbert, 
(2020b). However, a joint evaluation of economic and environmental impacts of these 
approaches is still needed to examine how these two pillars of sustainability can best be 
combined. It will then be possible to perform animal selection and multi-objective diet 
optimization tailored to the nutritional requirements of each line, to improve sustainable farm 
feed efficiency. The economics of a biological process can be evaluated using bio-economic 
models (Kragt, 2012), which translate biological components into economic indicators through 
a system of equations (Dekkers et al., 2004). Bio-economic models can be based on either a 
deterministic approach, in which mean values are input parameters (Brascamp, 1978), a 
stochastic approach, in which the mean and variances of the input parameters are used (Jones 
et al., 2004), or a combination of stochastic and deterministic approaches (Michaličková et al., 
2016). For environmental assessment, life cycle assessment (LCA) has become the standard 
framework to assess the different aspects of pig production systems (Lammers, 2011; 
McAuliffe et al., 2016; McAuliffe et al., 2017). In this study, a trait-based bio-economic model 




using its own traits. When applied to a set of different individuals, it enabled estimation of the 
relative variability of the profit at farm level. This model was used jointly with our previously 
developed LCA model, which incorporates the individual performance traits of fattening pigs, 
to perform LCA of individual pigs (Soleimani and Gilbert, 2020a). The aim of the present study 
was thus to evaluate the sustainability of several combined genetics and nutrition optimization 
scenarios in terms of economy and environment, using individual deterministic bio-economic 
and LCA models to quantify the economic and environmental costs of different optimization 
options combining diets and pig genetics. Performing individual assessments also provides 
insights into the correlations between production traits, profit, and environmental impacts, 
which can then be used for further optimization of selection and management of pig production 
systems. 
 
MATERIAL AND METHODS 
 
Animal Data 
All procedures involving animal data collection were in accordance with the national 
regulations for humane care and use of animals in research. This section provides an overview 
on the origin of the experimental data, collection procedures, and tools, and of the application 
to set up the growth performance profile of the individual pigs. A scheme of the procedure 
implemented for economic and environmental assessment of combined genetics and nutrition 
optimization scenarios is presented in supplementary material 1.  
 
Experimental Data. Experimental data were collected from birth to slaughter from the 
fifth generation of Large White pigs divergently selected for RFI (Gilbert et al., 2017) in the 
experimental facilities at INRAE (Surgères, France, 
https://doi.org/10.15454/1.5572415481185847E12). Residual feed intake is defined as the 
difference between observed feed intake and feed intake predicted from maintenance and 
production requirements. The present dataset included 57 male pigs from each of the low RFI 
(LRFI, more efficient pigs) and high RFI (HRFI, less efficient pigs) lines. Fattening pigs had 




recorded by ACEMA 64 automatic feeders (ACEMO, Pontivy, France) from 11 weeks of age 
to 110 kg live weight. Body weight was recorded at birth, at weaning (at average 28 days of 
age), at the beginning of the growing period (10 weeks of age), and at least once a month during 
fattening until slaughter (average BW at slaughter 110 kg), and ADG and ADFI for the fattening 
period were computed. Back fat thickness (BFT) was measured using an ALOKA SSD-500 
echograph on live animals at 23 weeks of age (Aloka, Cergy Pontoise, France). The selection 
procedure and results are reviewed in Gilbert et al., 2017 for both LRFI and HRFI lines.  
 
Growth Model and Individual Profiles. The recorded experimental data for all fattening 
pigs were imported into the population version of InraPorc (Brossard et al., 2014), which 
simulates the performance of pigs in response to different nutritional strategies (van Milgen et 
al., 2008). The imported data were first used to calibrate an individual growth performance 
profile based on the Gompertz growth function for each pig. The profiles for the fattening period 
were calibrated according to the daily ad-libitum NE uptake using the Gamma function. The 
calibrated profiles were then used to estimate the feed intake of pigs when offered different 
optimized diets, to simulate the individual performance responses of pigs up to slaughter 
weight. A fixed live weight of 120 kg at slaughter was applied to facilitate comparison of the 
economic and environmental outcomes of the different scenarios. The resulting traits and 
animal indicators (ADFI, ADG, BFT, lean meat percentage (LMP), carcass weight, age at 
slaughter, and fattening duration) for each individual were used as input parameters for 
economic and environmental assessment with the bio-economic and LCA models described in 
the following section.  
 
Bio-economic Model  
General Structure. The bio-economic model was developed in R using a typical linear 
profit model (Janssen and Ittersum, 2007). The linear profit model calculates profit as sales 
revenue minus costs. In this model, the life cycle of a market pig is assumed to be divided into 
three periods: up to weaning (~28 days of age), post weaning (~28 to 75 days of age), and 
growing-finishing (~ 75 days of age to reach 120 kg BW).  
Costs (120 kg live pig) = weaned piglet market price + post-weaning costs + growing-
finishing costs  
All costs related to reproduction (sow plus litter), including artificial insemination and 




capital depreciation were included in the market price of a weaned piglet. Since LRFI sows 
produced more weaned piglets than HRFI sows (10.2 LRFI vs. 9.6 HRFI, Gilbert et al., 2012) 
and the lactation feed intake of LRFI sows was lower than that of HRFI sows (4.54 kg/d for 
LRFI vs. 4.82 kg/d for HRFI, Gilbert et al., 2012), using the same weaning costs for the two 
lines resulted in a conservative hypothesis for LRFI pigs. Post-weaning costs were calculated 
using the experimental data collected from the beginning to the end of post-weaning in the two 
lines. The required data including ADFI, ADG, diet types, and feeding duration are reported in 
(Gilbert et al., 2019). The fattening costs were calculated based on individual traits. The revenue 
from each pig was only that obtained from the sale of live pigs at the farm gate, which is equal 
to the market price of the pig. The cost of manure treatment and application from weaning to 
finishing was assumed to be offset by its revenue. The values and market prices of the services 
and raw materials were taken from French and European references. The output of the model 
is the profit made on an individual 120 kg live pig at the farm gate.  
 
Breakdown of Costs. The costs of fattening including feed and water, building and 
capital, and energy and labor costs were parametrized individually with performance traits. 
Other costs including insurance, veterinary care, health, maintenance, and repairs were 
considered as fixed costs. The cost of each component is summarized in supplementary material 
2.  
Feed and water costs. Feed and water costs were assumed to be the cost of uptaken feed 
and water. The cost of feed after weaning was calculated based on a conventional two feed 
phase dietary sequence, with a starter diet from weaning to day 12 and a post-weaning diet until 
the end of the post-weaning period. The average daily feed intake (ADFI, kg/d) of the two diets 
in each line under ad-libitum access to feed is reported in (Gilbert et al., 2019). The cost of feed 
was calculated by multiplying the average quantity of feed consumed at each stage by the price 
of the feed in France. During fattening, the cost of feed for each individual pig was obtained by 
multiplying the price of 1 kg fattening diet (€/kg) by ADFI (kg/d) and the duration the fattening 
period (d) of the pig concerned. The price of each ingredients was calculated from the monthly 
average market price of the ingredients in France reported in the monthly information pamphlet 
on feed published by the pig industry (IFIP - Institut de la Filière Porcine, Mensuel 
d'information aliment, May 2020). The cost of drinking water was considered to be proportional 
to feed consumption, multiplied by the price of drinking water (€/liter). The water to feed ratio 




feed ratio was 2.7 liter/kg of feed during the fattening period (IFIP, 2014). The price of water 
was obtained from the water industry’s information center in France 
(https://www.cieau.com/le-metier-de-leau/prix-des-services-deau/). 
 
Cost of energy. The cost of energy during the post-weaning period in each line was 
calculated by multiplying the individual ADG and the duration of the post-weaning stage by 
the energy consumption per kg of weight gain (0.42 kWh/kg of gain, IFIP, 2014) and the cost 
of energy (€/kWh) in France. The cost of energy during the fattening period was calculated by 
multiplying individual ADG and fattening duration (d) by 0.42 (kWh/kg of gain) by the price 
of energy (€/kWh) in France. 
 
Cost of labor. The cost of labor was calculated based on the French reference, which is 
of 2.3 farm workers for a farm with 200 sows, with 25 weaned piglets per sow per year, 1,600 
working hours per year, and the cost per hour of a labor earning the minimum wage (1.5 * min. 
wage/hour, min. wage = 10.03 €/hour). The cost of labor was broken down into the cost of labor 
per pig and per day (€/pig/day), and then multiplied by the duration of the post-weaning and 
fattening to compute the cost of labor for an individual pig at the farm gate. 
 
Buildings and capital costs. Building and capital costs were calculated as the investment 
required per sow, assuming 25 weaned piglets per sow per year on average and interest rate of 
6% per year. Annual depreciation was included in the sales price of a weaned piglet. The capital 
cost for an individual pig was estimated by multiplying the capital cost per pig and per day 
(€/pig/day) by the duration of the post-weaning and fattening periods. 
 
Revenue. Revenues are represented by the finishing pig market price. The revenue from 
selling the cull sows was assumed to be included in the market price of a weaned piglet. In the 
French market pricing system, the price of a finishing pig is a multivariate function of quantity 
(carcass weight), quality of the carcass (LMP), and a bonus or penalty per kg carcass depending 
on the combined values of these two parameters (Supplementary material 3, Lopez et al., 2016).  
The individual market prices were estimated based on the pig carcass traits simulated by 
InraPorc for each diet. The base market price of the carcass was calculated using the market 





Profit. The profit per pig (€/pig) was obtained by subtracting the individual production 
costs from the revenue obtained by the sale of the finished pig. The formulations were used to 
calculate the individual profit, see supplementary material 4. 
 
Environmental Assessment 
LCA Choices. A ‘cradle-to-farm-gate’ system boundary was built using typical French 
pig farming systems including sow-litter, post-weaning, fattening pigs, feed production, and 
manure management, schematically depicted in Soleimani and Gilbert (2020a). One kg live 
weight (LW) of pig at the farm gate was chosen as the functional unit to enable reliable 
comparison of the environmental impacts of the different assessments. The impact categories 
that contributed most to emissions during housing of the animals, manure storage and 
application (de Vries and de Boer, 2010) were selected for analyses first: global warming 
potential (GWP, kg CO2-eq), acidification potential (AP, kg SO2 eq), and eutrophication 
potential (EP, kg P eq), which are also the most conventional impact categories in LCA of pig 
production systems (McAuliffe et al., 2016). Moreover, in pig farming, feed production 
accounts for almost 100% of the land occupation (LO, m2a crop eq) impact category (Basset-
Mens and van der Werf, 2005), and was thus included in our analysis. The method of ReCiPe 
Midpoint 2016 (H) V1.02 (Huijbregts et al., 2017), the Ecoinvent inventory (Wernet et al., 
2016), and Ecoalim (Wilfart et al., 2016) databases were used to assess environmental impacts. 
Based on the same approach as in a previous study using this model (Soleimani and Gilbert, 
2020a), the individual environmental impacts of each pig in the two lines were assessed on the 
MEANS (MulticritEria AssessmeNt of Sustainability) platform using SimaPro V8.5.4.0 
(http://www.inra.fr/means).  
 
The LCA Model. Briefly, the LCA model was developed in six modules based on net 
energy: animal profile, feeding plan, emissions, excretion, water expenditure, and energy 
expenditure (Soleimani and Gilbert, 2020a). In addition to the R and InraPorc module to 
decipher individual profiles during the post-weaning and fattening stages described previously, 
we also used the sow version of the InraPorc software (Dourmad et al., 2008) to set up a single 
sow-litter profile per line for all assessments. Energy and water expenditure were calculated 
based on a report on typical French farms by the IFIP (Institut de la Filière porcine, (IFIP, 
2014). For individual LCAs, the fattening performance traits of each pig were used as input 




composition of the excreta (DM, OM, potassium, phosphorus, and nitrogen) was calculated as 
the difference between nutrient intake and the nutrients retained in the body (Supplementary 
material 5). Individual performance data were used for the post-weaning and fattening stages, 
and average performance data were used for the sow-litter stage. The building emissions of 
ammonia, nitrogen monoxide, enteric methane, nitrous oxide, and nitrogen were calculated 
following (Rigolot et al., 2010a; Rigolot et al., 2010b). The guidelines provided by the 
intergovernmental panel on climate change (IPCC, 2006) were used to calculate emissions of 
methane, direct and indirect emissions of nitrous oxide, and leaching of phosphate  and nitrate 
during the spreading of slurry. Emissions of ammonia during outside storage were calculated 
based on the emission factors recommended by Rigolot et al. (2010b). Emissions of nitrogen 
oxides were calculated following Nemecek et al. (2004). As a replacement for synthetic 
fertilizer, the fertilizer equivalence value of the manure was considered to be 75% for nitrogen 
(Nguyen et al., 2010) and 100% for phosphorus and potassium (Nguyen et al., 2011). To be 
sure the results were consistent and comparable, the same inventories, methods and calculations 
were used in all the LCA runs. Using the Ecoalim dataset (Wilfart et al., 2016) of the 
AGRIBALYSE database, the environmental impacts of the diet ingredients were estimated by 
applying the ReCiPe Method (2016). A distance of 100 km was assumed for the transport of 
the ingredients of the diets from the farm to the feed factory, a distance of 500 km for cereals 
(Garcia-Launay et al., 2018), and a distance of 30 km (Cadero et al., 2018) for transport from 
the feed factory to the pig farm, using the Ecoinvent version 3.1 database (attributional life 
cycle inventories).  
 
Diet Optimization 
Choice of Ingredients. Six new ingredients (corn, oats, peas, triticale, rapeseed meal, and 
sunflower meal) were added to the eight ingredients of the reference commercial diet (wheat, 
barley, soybean meal, sunflower oil, and synthetic L_lysine (LLY), L_threonine (LTH), 
L_tryptophan (LTR), DL_methionine (DLM), giving a total of Q = 14 ingredients incorporated 
in the diet formulation. The reference diet was a commercial French conventional experimental 
diet offered to the animals during the experimental data collection (as fed in 2005). It was thus 
formulated to allow the expression of the genetic potential of all pigs, with a low cost constraint. 
The new ingredients were chosen to extend the choice of protein and energy resources based 
on the availability of data on their impacts, cost, and their market availability. Information 




feed ingredients database INRA-AFZ (Sauvant et al., 2004). Considered as additives, 
ingredients that have no digestible CP or AAs or energy (e.g. salt, calcium carbonate, and 
vitamins) were not included in diet formulation. Although the additives were excluded from 
diet optimization procedure, their properties, and potential shortcomings created by the 
inclusion of new ingredients, in the optimized diet was picked up in the simulation of responses 
to the optimized diets with the InraPorc software. Some commercial and industrial limitations 
for diet optimization, like the possible incompatibility of the list of ingredients to feed milling 
and processing constraints were not accounted for in this study either, but in practice, may 
represent notable constraints.  
 
Definition of the Nutritional Requirements of Each Line. To be able to identify the 
nutritional constraints to tailored diet formulation, the dietary requirements of the species 
concerned have to be known. Pigs adjust their ad-libitum feed intake to the dietary NE density 
(Quiniou and Noblet, 2012), so the nutrients in the diet are taken up in proportion to the NE of 
the diet. In addition, balanced nutritional composition relies on certain essential AAs lysine, 
threonine, tryptophan, and methionine, which are usually added to cereals as they are most 
limiting AA in cereal-based diets (D’Mello, 1993).  To avoid AA deficiency, the four above-
mentioned amino acids were considered as constraints in the formulation of the diets tested in 
the present study. To ensure the remaining essential and non-essential amino acids were 
covered, the requirements for digestible CP per MJ NE were also obtained for each individual 
from InraPorc and considered among the constraints. Finally, to account for the fact feed intake 
is regulated by NE density, digestible crude protein, digestible lysine, digestible threonine, 
digestible tryptophan, and digestible methionine requirements were standardized to the dietary 
NE (kg/MJ NE), and considered as constraints to be met by diets that are tailored to pig 
requirements.  From the calibrated nutritional profiles of the individual pigs obtained with 
InraPorc with the experimental data, the digestible CP and four AAs requirement per MJ NE, 
for each individual pig were obtained from InraPorc. The individual requirement indicators 
were at maximum in the early stages of growing. The following requirements were averaged to 
obtain the representative requirement of each line l:  digestible crude protein requirement 
(Alphal), digestible lysine requirement (Betal), digestible threonine requirement (Gammal), 





Nutritional Objective for Diet Formulation. For diet formulation tailored to nutritional 
requirements, the linear equations 1-6 were defined as constraints for each line l (l = 2 in our 
study) and Q as possible ingredients (Q = 14 in our study). The first equation ensures the 
prospective diet does not exceed one kg, and the remainders of the equations guarantee the 
dietary nutrient requirements are satisfied based on the representative requirements of each line.  
 
1kg –  additives (kg) = ∑ 𝑞𝑖𝑙  
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where 𝑞𝑖𝑙 (kg) is the rate of incorporation of the 
ith ingredient in the diet in line l, and NEi 
(MJ), 𝐶𝑃𝑖 (kg/MJ NE), 𝐿𝐿𝑌𝑖(kg/MJ NE),  𝐿𝑇𝐻𝑖 (kg/MJ NE),  𝐿𝑇𝑅𝑖  (kg/MJ NE), and 𝐷𝐿𝑀𝑖 
(kg/MJ NE), are, respectively, the net energy, crude protein, lysine, threonine, tryptophan, and 
methionine contents of ith ingredient as defined above.   
 
Line Tailored Diet Formulation with the Least Cost, Least Environmental Score, and 
Joint Cost-Environment Optimization Objectives. In addition to covering the requirements of 
the genetic line selected, for each line, three optimization scenarios were considered: (1) a least 
cost (LC) diet, (2) a diet with the least environmental impact score within an acceptable cost 
interval compared to the least cost diet, and (3) a joint cost-environment optimized diet. First, 
the price normalized to the NE of the ingredient was applied to avoid formulating diets with 
insufficient energy content that would subsequently increase feed intake (Quiniou and Noblet, 




𝑚𝑖𝑛 𝑐𝑜𝑠𝑡 = ∑ 𝑞𝑖𝑙  𝑝𝑖/ 𝑁𝐸𝑖 
𝑄
𝑖=1
      (7) 
where 𝑞𝑖𝑙, pi, and NEi are the rate of incorporation of the i
th ingredient in the diet targeting 
line l, the price, and net energy of ith ingredient, respectively, with i = 1,…, Q. The least cost 
diets for each line were obtained by applying the optimization algorithm NSGA-II from the 
mco library in R version 3.6.3 (with a population size of 340 and 3,500 generations) to the 
objective function and constraints. This algorithm identifies the non-dominated solutions on the 
Pareto-optimal front curve that minimize the objective function while best satisfying the 
constraints.  
The environmental impacts (GWPLCl, APLCl, EPLCl, LOLCl) of the least cost diet for each 
line l were calculated by summing the environmental impacts of each ingredient 
(supplementary material 6) in proportion to their rate of incorporation in the diet:  
  
𝑖𝑚𝑝𝑎𝑐𝑡𝐿𝐶𝑙  = ∑ 𝑞𝑖𝑙  𝑖𝑚𝑝𝑎𝑐𝑡𝑖
𝑄
𝑖=1
    (8) 
where impacti is the environmental impact of ingredient i, and impact is GWP, AP, EP or 
LO.  
Second, the environmental objective to be minimized was computed. The environmental 
impacts of the least cost diet of each line were used as normalization factors for each impact of 
the new line formulated diet (Garcia-Launay et al., 2018). Then, the impacts in an 
environmental impact score (EI score) were combined linearly to obtain the objective function 
to be minimized: 
   




𝑖𝑚𝑝𝑎𝑐𝑡=1                        (9) 
 
where 𝑞′𝑖𝑙 and NEi are the quantity and net energy of i
th ingredient in the diet for line l. 
To avoid unbalanced environmental impacts of the optimized tailored diets, an equal weighting 
of one was used for wGWP, wEP, wAP, and wLO. The NSGA- II optimization algorithm was applied 
to the objective function (Eq 9) to obtain the diets with the least environmental impact score 
under constraints (Eq.1) to (Eq.6), plus the additional constraint that the costs of the least 




Third, the environmental and economic objectives were linearly integrated into one multi-
objective function with normalization of each component to their counterparts for the least cost 
diet used as a baseline, considering a weighting factor (wt) for EI score and its complement of 
1-wt for the cost: 
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 𝑝𝑖/ 𝑁𝐸𝑖  )/ (𝑝𝑟𝑖𝑐𝑒𝐿𝐶𝑙
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𝑖=1
/𝑁𝐸𝐿𝐶𝑙))     (10) 
 
where 𝑞′′𝑖𝑙 and NEi are the quantity and net energy of i
th ingredient in the new formulated 
diet for line l. 
 
Environmental impacts and costs were expressed relative to the net energy of the 
ingredients. The joint diet was obtained for each line by applying the NSGA- II optimization 
algorithm on the objective function (Eq. 10) for each wt from 0 to 1 with a step of 0.01, which 
made it possible for us to investigate the impact of trade-offs between the economic and 
environmental objective. The best-optimized diet was when the reduction in the environmental 
score relative to the environmental score of the least cost diet versus the increase in price 
relative to the price of the least cost diet became the maximum. This wt point identified the 
optimum trade-off between the economic and environmental objectives of the formulation of 
feed for each line. 
 
Assessment of Profit Sensitivity of Each Line to Market Price Volatility 
The profit sensitivity of each line with each diet was evaluated as the percentage change 
in market prices that would reduce the profit of the line concerned to zero. Since the market 
price of pig is the only source of revenue in this study and we were focusing on feed efficiency 
during fattening, the sensitivities of the line were assessed only relative to an increase in the 
cost of the fattening diets or to a decrease in pig price. Analyzing the sensitivity of the 
ingredients to price volatility would require re-simulating the responses of individual pigs to 
the new optimized diets due to changes in the price of the ingredients. Changing the price of an 




and AA content of each ingredient, while the characteristics of each ingredient are beyond the 
scope of this study.  
 
Statistical Analyses  
The performance traits for each pig were simulated with InraPorc in response to the 
reference and the optimized diets in each line, and then used as input parameters for the 
individual trait-based bio-economic and LCA models to assess the economic and environmental 
impacts of the combined genetics and nutrition optimization scenarios. Statistical analyses were 
performed of the individual profit, environmental impacts, and the performance traits. The line 
average (SD) of the growth performance traits and their corresponding profits and 
environmental impacts were computed per line, and Student’s t tests were used to test the 
differences in all variables between the two lines (differences were considered significant at P 
< 0.05). The correlations between profit, environmental impacts, and performance traits were 
calculated, together with their 95% confidence intervals using the cor.test function in R.  
 
RESULTS 
Characteristics of Optimised Diets 
Genetic differences were found between the requirements representative of the lines. The 
averages (SD) requirements for digestible crude protein, digestible lysine, digestible threonine, 
digestible methionine, and digestible tryptophan were greater for LRFI pigs [11.75 (2.46), 0.91 
(0.20), 0.58 (0.12), 0.27 (0.03), 0.16 (0.06) g/MJ NE, respectively] compared to HRFI pigs 
[11.04 (2.33), 0.86 (0.18), 0.55(0.11), 0.26 (0.05), 0.15 (0.03) g/MJ NE, respectively]. The diets 
with the least cost and with the least environmental scores tailored to the representative 
requirements of each line were obtained by minimizing the corresponding objective functions. 
The joint optimized diet for each line was obtained from an optimum trade-off between least 
cost and least environmental score objectives using a weighting factor of wt. The joint diets 
were obtained for wt = 0.24 for LRFI and wt = 0.44 for HRFI, at the point where the decrease 
in the environmental score (standardized to the score of the least cost diet) relative to the 
increase in price (standardized to the price of the least cost diet) was the highest. The 
composition of the optimized diets are provided in Table 1. The resulting environmental 




2. Expressing the environmental impacts, score, and price per MJ NE of the diet made them 
comparable within and between lines. In both lines, all the optimized diets had lower prices and 
lower environmental scores than the reference diet, with the exception of the environmental 
score of the least cost diet in LRFI (0.430 vs. 0.416) due to greater GWP and EP. The joint diet 
in both lines had a greater environmental score than the least score diet of the line (0.394 vs. 
0.392 for LRFI and 0.395 vs. 0.393 for HRFI), and a greater price than the least cost diet of the 
line (0.0210 vs. 0.0201 for LRFI and 0.0206 vs. 0.0203 for HRFI). In all the optimized diets, 
EP increased compared to the reference diet. Finally, no systematic difference in the 
environmental impacts or prices was found between diets formulated for the LRFI and the HRFI 
pigs. 
 
Table 1 Diet compositions of the reference, least environmental score, least cost and joint 

















Net energy (MJ/kg) 9.70 9.27 10.01 9.38 9.75 9.69 9.66 
Oat 0 0 0 0 0 20 0.4 
Triticale 0 545 170 53 1 217 158 
Corn 0 7 501 319 316 379 170 
Pea 0 28 38 0 160 47.2 89 
Rapeseed meal 0 34 1 155 82 52 12 
Sunflower meal  0 80 24 0 0 60 40 
Barley 409.4 264.0 153.0 354.4 347.9 121.0 361.4 
Wheat  327 1.2 2.7 74 44 33.7 107 
Soybean meal 48 202 0 67 3.9 0 25.6 17 
Sunflower oil 23 0 0 0 9 3.4 4.6 
L-Lysine HCL 3.5 5.5 7.7 5.6 4.5 5.6 5.1 
L-Threonine 1.4 2 1.9 1.7 1.8 1.9 1.9 
L-Tryptophan 0.3 0.2 0.5 0.4 0.5 0.5 0.4 
DL-Methionine 0.9 0.6 0.7 0.5 0.8 0.6 0.7 
Salt  4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Calcium carbonate 11 11 11 11 11 11 11 
Dicalcium phosphate 12 12 12 12 12 12 12 





Table 2 Environmental impacts1, environmental impact score, and price per unit of net 
energy (/MJ NE) of the reference, least score, least cost, and joint cost-environment diets for 





g CO2 eq 
AP, 
g SO2 eq 
EP, 










Reference diet 509 0.686 0.0422 0.186 0.416 0.0241 9.70 
LRFI diets        
Least cost  541 0.613 0.0526 0.181 0.430 0.0201 9.27 
Least score  486 0.707 0.0458 0.135 0.392 0.0212 9.38 
Joint  486 0.663 0.0505 0.152 0.394 0.0210 9.69 
HRFI diets        
Least cost  483 0.683 0.0599 0.141 0.399 0.0203 10.01 
Least score  442 0.648 0.0593 0.151 0.393 0.0213 9.75 
Joint  490 0.643 0.0496 0.163 0.395 0.0206 9.66 
1GWP: global warming potential, AP: acidification potential, EP: freshwater 








Simulated Individual Trait Responses to the Diets 
 
The average (SD) of the performance traits predicted responses to the line-optimized diets 
simulated with InraPorc up to 120-kg BW are listed in Table 3. With the same reference diet, 
the LRFI line had lower predicted ADFI, total feed intake, FCR, RFI, energy conversion ratio, 
lipid weight, and BFT at slaughter, a longer fattening period, increased protein weight, LMP, 
and protein/lipid ratio at slaughter (P < 0.05). The ADG, BW, and carcass weight at slaughter, 
and protein deposition during growth did not differ between lines (P > 0.14). With the optimized 
diets, almost the same differences were obtained, except for FCR and feed intake traits when 
expressed in kilogram of feed due to the differences in NE / kg of optimized diets between the 
lines. However, expressing conversion ratio in MJ (ECR) returned the original differences. An 
increase in the duration of the fattening period was observed when pigs performances were 
predicted from the optimized diets compared to the reference diet. For ADG and duration of 
fattening, the differences between the lines increased slightly with the optimized diets, 






Table 3 Mean (SD) and P-values of differences between the lines in growth performance and body composition traits1 in the low residual 
feed intake (LRFI) line and high residual feed intake (HRFI) line fed the reference, least cost, least score, and joint optimised diets, as simulated 
by InraPorc 
 
 Reference  Least Cost  Least Score  Joint  
 
LRFI HRFI P-value2 LRFI HRFI P-value LRFI HRFI P-value LRFI HRFI P-value 


















































































































































































































































1FI: feed intake, FCR: feed conversion ratio, ECR: energy conversion ratio, PD: protein deposition, BFT: back fat thickness, BP/BL: ratio of 
body protein weight/ body lipid weight at slaughter, BP: body protein content, BL: body lipid content, LMP: lean meat percentage 





Environmental Assessment of the Lines with the Optimized Diets 
 
When the two lines were simulated with the reference diet and their tailored optimized 
diets, an individual LCA was performed in SimaPro based on the individual performances 
simulated with InraPorc to assess the environmental impacts of producing 1 kg of live pig. The 
resulting average (SD) of the impact categories in the two lines predicted with the different 
diets are summarized in Table 4. Significant differences between the lines were found in the 
impact categories of GWP, AP, EP, and LO in all diets (P < 0.05).  For each optimization 
objective, the LRFI line, in all impact categories, had systematically smaller environmental 
burdens HRFI using the four diet scenarios (P < 0.05): reference (7.21%), least cost (8.11%), 
least score (4.91%), and joint optimized (4.29%) diets. The lines impacts predicted with the 
reference diet showed a maximum difference in AP and a minimum difference in LO (P < 
0.0001). The lines with the optimized diets were predicted to systematically have lower impacts 
than the reference diet, except for LO for LRFI fed the least cost diet, and EP for all optimized 
scenarios. In the HRFI line, among the diets optimized for least cost, least score and joint 
environment and economic objectives, the maximum and minimum decreases in environmental 
impacts compared to the reference diet were predicted in LO (-13.21%) and GWP (-5.52%) for 
the least cost diet. Likewise, in the LRFI line, the maximum and minimum decreases were 
observed in LO (-17.85%) for least score diet and in GWP (-2.54%) for the least cost diet. To 
compute a synthetic environmental score at the farm gate similar to the environmental score 
defined for the diet optimization procedure, an environmental score was set up. It was defined 
as the sum of the four environmental impacts predicted with the considered diet, divided by the 
sum of the environmental impacts predicted with the same line least cost diet, to allow 
comparisons across scenarios. In this way, the global environmental indictors in the LRFI line 
were observed in almost the same order as the order of the environmental scores of the diets 
(supplementary material 7).  
 
Individual Profit per Line with the optimized Diets  
 
The individual traits simulated by InraPorc for pigs predicted with their own line diet 
were imported into the bio-economic model to calculate the line profit for each feeding 




the two lines (P < 0.05) and the reference diet revealed that the profit of the LRFI line was 
greater than that of the HRFI line. The diets that cost least and had the least score also produced 
in greater profits in LRFI pigs (P < 0.01), whereas for the joint diet, the difference between the 
lines was not significant (P > 0.22). The maximum profit in the LRFI line was predicted with 
the least cost diet (17.75 €/pig), whereas it was obtained with the joint optimized diet in the 






Table 4 Average (SD) of four environmental impact categories calculated per kg of pig with BW of 120 kg at the farm gate through individual 
LCA using the ReCiPe 2016 Midpoint (H) V1.13 method, and mean (SD) of profit per pig (120 kg) at farm gate resulting from the bio-economic 
model for the low residual feed intake (LRFI) line and the high residual feed intake (HRFI) line predicted with the reference diet and their least 
cost, least environmental score, and joint cost-environment   
 
  Reference  Least cost  Least score  Joint  

































































































Correlations between Individual Growth Performance Traits and Profit  
 
To illustrate the relationships between growth performance traits and profit, phenotypic 
correlations were computed between the performances of individual pigs and the individual 
profit in each line predicted with the different diets. As the correlations were very similar for 
all diets in a given line, only correlations estimated with the lines outputs predicted with their 
own joint optimized diet are reported in Table 5. The correlations for the other diets, 
conventional, least cost, and least score, are reported in Supplementary material 8. Profits with 
all optimization objectives were highly correlated with FCR (correlation < -0.82) in both lines. 
With ADG, the correlations were positive and moderate to high, and did not differ from zero 
with ADFI in either line. For traits related to body and carcass composition (BFT), body protein 
content (BP), body lipid content (BL),  ratio of body protein weight/ body lipid weight at 
slaughter (BP/BL), and (LMP), correlations with profit were greater in the HRFI line (absolute 
values > 0.71) than in the LRFI line (absolute values > 0.31), with non-recovering 95% 
confidence intervals. The profit was highly positively correlated with protein deposition (PD) 
in both lines (> +0.61). In addition, to gain insights into the relationships between the 
environmental impacts and profits of the lines, phenotypic correlations were computed between 
the profits and the individual LCA results in each line. No evidence for differences between 






Table 5 Phenotypic correlations (95% confidence interval) between performance traits, 
environmental impacts, and profit obtained from the sale of a pig weighing 120 kg at the farm 
gate, with the simulated performance traits in the LRFI and HRFI lines with their joint cost-






ADG 0.57 (0.37; 0.72) 0.42 (0.18; 0.61) 
FCR -0.90 (-0.94; -0.84) -0.85 (-0.91; -0.76) 
Fattening duration -0.58 (-0.73; -0.38) -0.56 (-0.71; -0.35) 
ADFI 0.07 (-0.19; 0.32) -0.20 (-0.44; 0.07) 
BP/BL 0.39 (0.15; 0.59) 0.75 (0.61; 0.85) 
BFT -0.47 (-0.65; -0.24) -0.80 (-0.88; -0.68) 
PD 0.73 (0.59; 0.83) 0.63 (0.45; 0.77) 
BL -0.47 (-0.65; -0.24) -0.80 (-0.88; -0.68) 
BP 0.56 (0.35; 0.71) 0.83 (0.73; 0.90) 
LMP 0.48 (0.26; 0.66) 0.81 (0.69; 0.88) 
GWP -0.90 (-0.94; -0.84) -0.92 (-0.95; -0.86) 
AP -0.90 (-0.94; -0.84) -0.92 (-0.95; -0.87) 
EP -0.90 (-0.94; -0.84) -0.92 (-0.95; -0.86) 
LO -0.90 (-0.94; -0.84) -0.92 (-0.95; -0.86) 
 
1FCR: feed conversion ratio, BP/BL: ratio of body protein weight/ body lipid weight at 
slaughter, BFT: back fat thickness, PD: protein deposition, BL: body lipid content, BP: body 
protein content, LMP: lean meat percentage, GWP: global warming potential, AP: acidification 
potential, EP: freshwater eutrophication potential, LO: land occupation 
 
Revenue and Production Cost Breakdown  
 
The bio-economic model made it possible to access a non-constant cost breakdown and 
the revenue for each individual pig in the two lines. The average (SD) of these costs and revenue 




energy, water, and labor during fattening and the profit per pig weighing 120 kg at the farm 
gate predicted with the reference, least cost, least score, and joint optimized diets are presented 
in Table 6. The cost of the fattening diet within each line was significantly lower with the 
optimized diets than with the reference diet (P < 0.0001), the decreases ranged from 10% (least 
score diets) to 14% for the joint diet in the LRFI line and for the joint and least cost diets in the 
HRFI line. Significant line differences in costs, energy, water, and labor during fattening period 
were observed with the reference, least cost, and least score diets (P < 0.05). There was no line 
difference in the cost of the fattening diet with the joint diets (P = 0.74), and the cost of water 





Table 6  Average (SD) and P-values of costs of diet, energy, water, and labor during fattening and the profit per pig weighing 120 kg at the 
farm gate in the low residual feed intake (LRFI) line and high residual feed intake (HRFI) line predicted with the reference, least cost, least 
score, and joint optimized diets. 
 Reference  Least Cost  Least Score  Joint  
 
LRFI HRFI P-value1 LRFI HRFI P-value LRFI HRFI P-value LRFI HRFI P-value 














































































































Assessment of Profit Sensitivity to Market Price Volatility 
Figure 1 shows changes in the costs of the fattening diet and the market price of pigs that 
would be needed to make zero profit. In the case of an increase in the price of the diet, the HRFI 
line with the reference diet revealed the minimum possible changes (15.2% increase to reach 
zero profit), and the LRFI line with least cost diet revealed the maximum possible changes 
(38.2%) to the increase in the price of this diet. If the price of pig were to go down, the same 
scenarios show a minimum margin (6.6%) and a maximum margin (13.8%), respectively. With 
the joint diets, the percentages in the LRFI line were close to those in the least cost diet, while 
the HRFI line had the highest percentages (32.6% increase in the price of the diet and 12.2% 




Figure 1. Increase percentage in the price of fattening diet and the percentage reduction in the 
market price of a pig in each line with the reference, least score, least cost, and joint cost-
environmental diets that would result in zero profit for each line. 
 
DISCUSSION 
In this study, we used individual trait-based bio-economic and LCA models to investigate 




































and environmental impacts in diet optimization to satisfy genetically defined needs and 
ultimately contribute to overall farm feed efficiency. The bio-economic model was developed 
specifically for this study whereas the LCA model was previously developed and the procedure, 
challenges and limitations are reported in Soleimani and Gilbert, (2020a and 2020b).  
 
The Bio-economic Model 
Bio-economic models are already available in the literature, e.g. de Vries, (1989) and Ali 
et al., (2017). The de Vries (1989) model details a sow’s life cycle. We decided not to use that 
model because we wanted to focus on the fattening period, and consequently chose to include 
the costs of sows and their litters up to weaning in the cost of weaned piglets. In contrast, the 
fattening period is simulated in detail in our model as we decided to use the InraPorc pig growth 
simulator as proposed by Ali et al., (2017) to model growth profiles. In addition, using the 
population version of InraPorc enabled us to simulate the growth performance traits of all 
individual pigs in response to the specific composition of each diet, rather than the response of 
the average pig. Ali et al., (2018) incorporated the environmental impact in their bio-economic 
model by monetizing the impact of greenhouses gases using the shadow price of CO2. Due to 
the lack of universal and standardized guidelines on how to monetize the environmental 
impacts, in our study, we alternated separate economic and environmental assessments of the 
four main categories affected by pig production (GWP, AP, EP, and LO) using individual 
models. The results obtained from the individual economic and environmental assessments 
such as correlations between profits, environmental impacts, and traits maybe applicable for 
further relative weight assignment of the economic and environmental criteria, or to attribute 
economic value to environmental impacts with the aim of combining economic and 
environmental assessment in a single economic assessment. From these results, any choice of 
relative weight of the economic and environmental criteria, or choice of cost of impacts, can be 
applied to further combine assessments and compare scenarios. Finally, in a study of feed 
efficiency, one may wish to assess the economic impact of price volatility at the ingredients 
level. However, in tailored diet optimization, changes in the price of each ingredient would 
change the composition of all the diets, including the least cost diet used as the baseline, which 
would change the composition of all optimized diets. The composition of each new optimized 
diet should thus be incorporated in InraPorc to simulate the new performance traits in response 




changed is not feasible. Performing an economic assessment based on the performance traits of 
individual pigs, and coupling it with individual LCA enabled us to investigate the correlations 
between performance traits, environmental impacts, and the final profit obtained with the lines.  
 
 
Economic and Environmental Evaluation of Combined Genetics and Nutrition 
Optimization Scenarios  
 
The differences in environmental impacts (Soleimani and Gilbert, 2020a) and profit 
between the LRFI and HRFI lines using a single reference diet showed that pig selection for 
feed efficiency based on RFI alone is effective to systematically improve the sustainability of 
pig production even without combining this selection emphasis with diet optimization. The 
reference diet provided a baseline to compare the improvements due to combined genetics and 
nutrition optimization scenarios. If the reference diet was different but also covered all animal 
requirements, the reduction percentages of impacts and costs would be affected, but not the line 
comparisons obtained for the optimized diets, as the animal requirements profiles would be 
very similar. The high profit and low environmental score of the LRFI line with its own joint 
optimized diet demonstrated that combined genetics and nutrition optimization strategy can 
increase sustainability with only small compromises with respect to each pillar. The profits of 
the lines, predicted with the reference diet, differed by 23%, which can be referred to their 
genetic difference. Therefore, any change in the difference between the old and new diets can 
mainly be interpreted as the impact of the new diet formulation. Accordingly, the decrease in 
the difference in profit between the lines from 23% with the reference diet to 8% (not 
significant) with the joint diets shows that the tailored diet formulation and optimization can 
alleviate the innate difference in profitability between populations with different genetic 
potential. Using this approach also reduced the differences in environmental impact in the two 
lines by half, thereby also alleviating part of the genetically related environmental burden. The 
joint diets for the lines were obtained with different weighting factors (wt), reflecting distinct 
trade-off points between economic and environmental objectives due to differences in the 
nutritional requirements between the lines. Part of the advantage of having more efficient 




“environment friendly” diet to the less efficient animals. In the HRFI line, the joint optimized 
diet resulted in maximum profit rather than least cost diet, mainly because of greater revenue 
due to better market quality of the carcass. Finally, the improved robustness of the lines with 
the joint diet scenario versus changes in the diet and in the market price of pigs demonstrated 
that tailored diet formulation combined with genetics is an effective way to achieve 
economically sustainable pig production. Considering the change of pig price in France from 
2007 to 2020 (https://rnm.franceagrimer.fr/prix?PORC), the margins obtained with the worst 
scenario (HRFI with the reference diet) would lead to 34% of the weeks where the farmer would 
not cover the production costs by selling the pigs, whereas these situations of negative economic 
outcome would be reduced to 15 % of the weeks for the best scenario (LRFI with least cost 
diet). It should be noticed that a different pricing context would lead to different compositions 
of the optimized diets, and then differences in the predictions for all scenarios, but the main 
conclusions about the opportunities of the proposed approach would hold. How the approach 
would respond to different pricing contexts would require further automation of the predictions 
and assessment models, to run multiple scenarios in a separate study. In developing the bio-
economic model, the cost of manure treatment and application from weaning to finishing was 
assumed to be offset by its revenue. Depending on the geographical context of the farm, manure 
could be a value or a burden for the farmer (Risse et al., 2006). However, due to low differences 
of manure quantities between lines as well as market value of manure compared to the market 
value of pig, the benefit or burden of the manure is expected to have approximately the same 
low effect on the profit of individual pigs. Further sensitivity studies would be needed to 
evaluate scenarios with contrasted manure management situations.  
 
To make the results comparable, both bio-economic and LCA models were built using 
individual performance traits, and all individuals were assessed using the same models. 
Individual economic and environmental assessments by trait-based models revealed 
correlations between performance traits, profit, and environmental impacts, and provided more 
insights into the strategies to develop for a more sustainable pig production. The moderate 
correlations between ADG and the duration of the fattening period, and low with ADFI, 
translates into high correlations between profit and FCR. This might be due partly to some of 
the modelling constraints, and to considering no variation in slaughter weight, which 
standardizes the outputs but is not realistic, pigs being usually slaughtered in batches. The high 




total costs to grow pigs in the fattening period. Moreover, the high correlation between the 
environmental impacts and fattening FCR (Soleimani and Gilbert, 2020b) underlines the 
significance of fattening feed efficiency in the sustainability of the pig production systems, as 
already reported for pigs and other species with different approaches (Ali et al., 2017; Yi et al., 
2018; Besson et al., 2020).We also found high correlations between PD and profit and 
environmental impacts, certainly linked to the carcass pricing system used for the analysis 
which favors lean carcasses, and the costs of incorporating protein-rich ingredients in the diet. 
This shows that traits linked to protein deposition are the right ones to incorporate in selection 
for more sustainable pig production. It should be noted that in the more efficient line, the 
correlations between leanness and profit were not as high as they were in the less efficient line. 
We hypothesize that this is due to less variance in these traits in the LRFI line, and hence in 
less sensitivity of the price of more efficient animals to a payment system based on leanness. 
High negative correlations between environmental impacts and the profit of the lines for all 
diets can be interpreted as the close link between feed intake and environmental impacts on the 
one hand, and profit on the other hand, which again underlines importance of feed efficiency in 
response to the economic and environmental pillars of sustainability. The optimized diets 
generally had low environmental scores and their cost was low compared to the reference diet, 
which shows a marked potential for economic and environmental improvements in diet 
optimization alone. The marginally greater price of the joint diets per MJ NE relative to the 
least cost diets (within line) showed that an optimized diet (e.g. the joint diet) can be achieved 
with a small compromise relative to the price of the least cost diet. The increase in the duration 
of the fattening period for pigs performance predicted with the optimized diets compared to that 
of pigs performance with the reference diet may be explained by the fact that a few pigs are not 
satisfied in the very early growth stages because the line average of the maximum requirements 
are considered as constraints in diet formulation. A multiphase feeding strategy or establishing 
the representative requirements to the 75% quantile of the maximum pig requirements per line 
could compensate for this reduction in growth performance, although certainly at the expense 
of more spillage and increased costs and impacts. It is notable that despite the increase in the 
duration of the fattening period, marked economic and environmental advantages were 
achieved with the combined genetics and nutrition optimization scenarios which would 
encourage a more overall approach to evaluate production systems, where performance losses 
could be offset by gains in other dimensions (for instance feeding costs, carcass quality). This 




flexibility, e.g. on-farm production systems where breeding highly efficient animals requires 
greater concentrations of AA and CP per MJ of NE, which might not be the most efficient 
choice in such systems, as it would require increasing levels of high-protein ingredients 
imported in the farm, or delivering unbalanced diets to highly efficient pigs, whose nutritional 
requirements would not be met and which then would fail to achieve their promised 
performances (Gilbert et al., 2017). Greater improvement in feed efficiency would be expected 
from individual tailored formulations compared to line tailored formulations. The variability in 
the input parameters like the price of ingredients, their availability, and the environmental 
impacts of their production could be dynamically imported into the optimization algorithm and 
tailored diet formulation and real-time optimization would not lag far behind expectations.  In 
addition, selection indexes could be improved by incorporating traits that are highly correlated 
with new objectives, such as environment. The results of this study are limited to the simulation 
tools and choices applied, which are potentially subjected to deviation from predictions under 
field conditions. Therefore, further field studies will be required to confirm these predictions. 
 
 
Consistency in the Implementation of Combined Genetics and Nutrition Optimization 
 
In the present study consistency in combined genetics and nutrition optimization 
processes was obtained by considering NE as the core linkage between genetics, diet 
formulation, and optimization. Extraction of individual requirements standardized to NE as well 
as standardized prices and environmental impacts of the dietary ingredients to NE, provides 
consistency in the whole process of the combined genetic and nutrient optimization. The 
incorporation of standardized individual requirements to NE among the constraints of diet 
formulation will make it possible to control the excretion of nutrients that originates from 
unbalanced dietary nutrients. Mackenzie et al. (2016) included a module to estimate nitrogen 
excretion at the farm level in their diet formulation process, whereas in our approach, due to 
the uniformity of the nutrient composition of the diets relative to NE ratios, the same excretion 
would be expected with all diets without the need for estimation. The incorporation of 
standardized prices and the impacts of ingredients in the objective functions ranked the 
ingredients according to their economic and environmental cost per MJ NE, which in turn, 
optimized their relative rate of incorporation according to their value relative to MJ NE. One 




and qualitatively compare the final farm profit and environmental impacts using the 




Improving feed efficiency in pigs can be achieved by improving animal genetics and the 
composition of their diet. Genetic selection to improve feed efficiency has systematically 
improved sustainability of pig production in terms of profitability and environmental impacts. 
Tailored diet optimization was shown to effectively improve environmental impacts and farm 
profitability, by minimizing the difference between nutritional requirements and supply while 
simultaneously orienting dietary improvement toward intended single or multi-objective 
optimization of the production system. Combining genetic selection for feed efficiency and 
tailored diet optimization is a promising way to make pig production more sustainable and more 
efficient. The normalization to NE of animal nutritional requirements, diet prices, 
environmental impacts, and nutritional characteristics of ingredients provides consistency in 
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 Supplementary material of the paper 
Supplementary material 1. Scheme of the procedure implemented for economic and 






Supplementary material 2. Market price of items applied in bio-economic model and 
diet optimisation.  
Item 
Price 
(€ per unit) 
Reference 
Barley (France) 0.167 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Wheat soft (France) 0.18 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Soybean meal 48 (South America) 0.348 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Sunflower oil (France) 0.705 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Corn (France) 0.178 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Oat (France) 0.192 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Pea (France) 0.231 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Triticale (France) 0.158 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
rapeseed meal (France) 0.252 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
sunflower meal (France) 0.182 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
L-Lysine HCL (France) 1.175 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
L-Threonine (France) 1.1 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
L-Tryptophan (France) 6.5 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
DL-Methionine (France) 1.9 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Salt (France) 
(Sodium Chloride) 
0.112 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Calcium carbonate (France) 0.05 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Dicalcium phosphate (France) 0.51 €/kg Note de conjoncture Aliment April 2020 (IFIP) 
Oligo Vitamin (France) 1€/kg Note de conjoncture Aliment April 2020 (IFIP) 
Post weaning 7kg 35.28 €  
https://rnm.franceagrimer.fr/prix?PORCELET# 
 
Water 3.57 €/m3 https://www.ledauphine.com/france-
monde/2017/12/21/eau-quel-est-vraiment-le-
juste-prix 






Calculated based on the IFIP information (2.3 
workers/200 sows) and SMIC = 10.03 €/hour   




Buildings and capital costs 
 
0.03 €/pig/day 
It is calculated based on total investment per 
sow: 4937 €/sow/place; Les bâtiments en France; 






Les bâtiments en France ; Les coûts pour 3 types 






0.89 €/ pig 
 
Description, evaluation, and validation of the 
Teagasc Pig Production Model. Calderón 2019 
Insurance 
 
1.04 €/ pig 
Description, evaluation, and validation of the 
Teagasc Pig Production Model. Calderón 2019 
Maintenance & Repairs 
 
1.04 €/ pig 
Description, evaluation, and validation of the 
Teagasc Pig Production Model. Calderón 2019 
Starter (1st age)  








Supplementary material 3. Correction factor for quantity and quality deviations from the baseline price for a carcass weight of 100kg and 
lean meat percentage of 56%. 
https://www.gis-elevages demain.org/content/download/3429/34955/version/1/file/m%C3%A9moire_ElodieLopez_rectoverso.pdf   































   -0.30 -0.18 -0.10 -0.02 0.00 0.02 0.00 -0.04 -0.10 -0.12 -0.14 -0.16 -0.20 
>=64 -0.01 0.16 -0.14 -0.02 0.06 0.14 0.16 0.18 0.16 0.12 0.06 0.04 0.02 0.00 -0.04 
63 0.00 0.17 -0.13 -0.01 0.07 0.15 0.17 0.19 0.17 0.13 0.07 0.05 0.03 0.01 -0.03 
62 0.00 0.17 -0.13 -0.01 0.07 0.15 0.17 0.19 0.17 0.13 0.07 0.05 0.03 0.01 -0.03 
61 0.02 0.17 -0.13 -0.01 0.07 0.15 0.17 0.19 0.17 0.13 0.07 0.05 0.03 0.01 -0.03 
60 0.03 0.15 -0.15 -0.03 0.05 0.13 0.15 0.17 0.15 0.11 0.05 0.03 0.01 -0.01 -0.05 
59 0.04 0.12 -0.18 -0.06 0.02 0.10 0.12 0.14 0.12 0.08 0.02 0.00 -0.02 -0.04 -0.08 
58 0.04 0.08 -0.22 -0.10 -0.02 0.06 0.08 0.10 0.08 0.04 -0.02 -0.04 -0.06 -0.08 -0.12 
57 0.04 0.04 -0.26 -0.14 -0.06 0.02 0.04 0.06 0.04 0.00 -0.06 -0.08 -0.10 -0.12 -0.16 
56 0.00 0.00 -0.30 -0.18 -0.10 -0.02 0.00 0.02 0.00 -0.04 -0.10 -0.12 -0.14 -0.16 -0.20 
55 -0.02 -0.02 -0.32 -0.20 -0.12 -0.04 -0.02 0.00 -0.02 -0.06 -0.12 -0.14 -0.16 -0.18 -0.22 
54 -0.02 -0.04 -0.34 -0.22 -0.14 -0.06 -0.04 -0.02 -0.04 -0.08 -0.14 -0.16 -0.18 -0.20 -0.24 
53 -0.04 -0.08 -0.38 -0.26 -0.18 -0.10 -0.08 -0.06 -0.08 -0.12 -0.18 -0.20 -0.22 -0.24 -0.28 
52 -0.04 -0.12 -0.42 -0.30 -0.22 -0.14 -0.12 -0.10 -0.12 -0.16 -0.22 -0.24 -0.26 -0.28 -0.32 
51 -0.08 -0.20 -0.50 -0.38 -0.30 -0.22 -0.20 -0.18 -0.20 -0.24 -0.30 -0.32 -0.34 -0.36 -0.40 





Supplementary material 4. The following formulations have been applied to calculate the 
individual profit. 
Cost Formulation 
Fattening_Diet_Cost ADFI_Fattening * Fattening_Duration* Fattening_Diet_Price 
Postweaning_Diet_Cost 
Starter_Duration * ADFI_Starter *  StarterDiet_Price  
+  Weaning_Diet_Price * (Weaning_Duration_6_19 * 
ADFI_weaning_6_19  + Weaning_19_InitialFattening_Duration * 
ADFI_weaning_19_InitialFattening) 
Total_Diet_Cost Fattening_Diet_Cost +  Postweaning_Diet_Cost 
Energy_Cost 
Energy_Consumption  * Energy_Price * (BW_End_Fattening - 
BW_Weaning) 
Water_Cost 
Water_Price * (Water_To_Feed_Fattening _ratio * ADFI_Fattening 
* Fattening_Duration   
+ Water_To_Feed_PostWeaning _ ratio * (Starter_Duration * 




Worker_Cost * Duration_Fattening 
 
Worker cost calculation per pig per day: 
2.3 workers for farm with 200 sows, 
2.3/200 = 0.0115 workers/sow 
Each sow produces 25 weaned piglets per year on average, 
0.0115/25=0.00046 workers/pig 
Flat-rate remuneration for work: SMIC/hour SMIC = 10.03 
€/hour before taxes 
Worker cost per day = SMIC * 8 hours/day = 80.24 €/day 
Worker cost per pig per day= 80.24 €/day *0.00046 
workers/pig = 0.036 €/pig/day 
PostWeaning_Labor_Cost Worker_Cost * PostWeaning_Duration 
Total_Labor_Cost Fattening_Labor_Cost + PostWeaning_Labor_Cost 
Weaning_Cost Weaned_Piglet_price 
Building_and_Capital_Cost 
Capital_Cost  * (PostWeaning_Duration + Fattening_Duration)  
 
Capital costs calculation per pig per day: 
Total investment per sow: 4937 €/sow/place 
Interest rate = 6% per year 
Interest cost = 0.06(6%) * 4937 €/sow = 296.22 €/sow/year 




+ Energy_Cost  
+ Water_Cost  
+ Total_Labor_Cost  
+ Weaning_Cost  
+ Building_and_Capital_Cost  
+ Health_Cost  





Market price (1 pig alive) 
Market_price (1 pig alive) = Market price (full carcass) 
Market price (full carcass) =  
[Market reference price (100kg carcass & LMP 56%)/100  
+ Carcass weight price correction + LMP price correction] * 
Carcass_Weight  
Carcass_Weight = LiveBW_farm_gate * Dressing 
percentage/100  
Revenue Market price (1 pig alive) 






Supplementary material 5. The following formulations have been applied to calculate 
the emissions and excretions using the mass-balance approach. 
eBW= 5.969 * BP 0.944 + 0.854 * BL 0.944 (van Milgen et al., 2008) 
Lean meat percentage = 72.58 – 43.49 * BL/ eBW (van Milgen et al., 2008) 
N Body = e^(-0.9892 – 0.0145 * Lean%) * eBW^(0.7518 + 
0.0044 Lean%) / 6.25 
(Dourmad et al., 1992) 
N Intake = Feed Intake * N Feed  
N Excreted = N Intake – N Retained  
P Body (g) = 5.39 * eBW (Rigolot et al., 2010a) 
Ca Body (g) = 8.56 * eBW (Rigolot et al., 2010a) 
K Body (g) = -0.0041 * eBW
2 + 2.68 * eBW (Rigolot et al., 2010a) 
Cu Body (mg) = 1.1 * eBW (Rigolot et al., 2010a) 
Zn Body (mg) = 20.6 * eBW (Rigolot et al., 2010a) 
N20 = 0.002 * N Excreted (Rigolot et al., 2010b) 
N2 = 5 * N20 (Rigolot et al., 2010b) 
NH3 Building (kg) = 17 / 14 * 0.24 * N Excreted (Rigolot et al., 2010b) 
ResD = Feed Intake * Residue Feed (Rigolot et al., 2010b) 
ECH4 growing = ResD * 670  (Rigolot et al., 2010a) 
CH4 Emitted = ECH4 / 56.65  (Rigolot et al., 2010a) 
CH4 Housing (kg) = VS * B0 * MCF (Rigolot et al., 2010b) 
OM Faeces = Feed * OMfeed * (1 – dCOM) (Rigolot et al., 2010a) 
dCOM = (0.744 + (14.69 DE – 0.50 NDF – 1.54 MM) / DM) / 
(OM / DM) 
(Rigolot et al., 2010a) 
 
 
eBW = empty body weight ; BP = body protein ; L = body lipid;  N Body  = nitrogen 
content of body; N Intake = total uptaken nitrogen; N Feed = nitrogen content of 1kg feed; N 
Excreted = total excreted nitrogen; NRetained = nitrogen retained in the body; OM = organic 
matter; MM = mineral mater; DM = dry matter; dCOM = feed organic matter digestibility 
coefficient; NDF = Neutral detergent fiber; B0 = maximum CH4 producing capacity; MCF = 
methane conversion factor; ResD = digested fibre ingested.CH4 = methane; N = nitrogen; Ca 





Supplementary material 6. Digestible crude protein (CP) and amino acids, and net energy (NE) of the ingredients retained for diet 
































Barley 80.5 2.85 2.62 1.03 1.43 9.56 0.46 5.60 0.16 1.371 
Oat 74.2 2.99 2.36 0.94 1.51 8.06 0.50 7.95 0.20 2.079 
Triticale 83.4 3.24 2.71 1.06 1.53 10.40 0.48 5.43 0.19 1.837 
Corn 69.8 1.92 2.49 0.40 1.55 11.20 0.33 7.11 0.12 1.033 
Pea 165.8 12.45 5.93 1.31 1.60 9.75 0.37 3.65 0.57 2.663 
Rapeseed meal 254.7 13.5 10.87 3.28 6.00 6.26 0.40 5.36 0.10 1.211 
Sunflower meal 273.5 9.68 9.72 3.44 6.99 5.50 0.25 2.94 0.25 1.975 
Wheat soft 92.8 2.51 2.66 1.14 1.51 10.54 0.42 7.96 0.129 1.330 
Soybean meal 391 25.02 15.4 5.25 5.89 7.86 1.52 5.64 0.385 2.086 
Sunflower oil 0 0 0 0 0 29.76 1.17 15.51 1.12 8.701 
L-Lysine HCL 954 798 0 0 0 11.88 10.55 76.60 37.85 3.118 
L-Threonine 731 0 990 0 0 11.11 10.62 84.23 37.16 3.109 
L-Tryptophan 853 0 0 985 0 11.53 21.24 168.47 74.32 6.219 
DL-Methionine 584 0 0 0 990 10.61 2.99 8.86 0.270 0.016 
 
CP = crude protein; LO = land occupation; EP= freshwater eutrophication potential; AP = acidification potential; GWP= global warming 
potential; NE = net energy; P = phosphorous; m2a crop= area time; NE density and digestible CP and amino acids (lysine, threonine, tryptophan, 
and methionine) of the ingredients were extracted from the INRA-AFZ database of feed ingredients. The environmental impacts of diet ingredients 




Supplementary material 7. Diet compositions of the reference, least environmental 
score, least cost and joint cost-environmental diets of the low residual feed intake (LRFI) and 
high residual feed intake (HRFI) lines. 
















Net energy (MJ/kg) 9.70 9.27 10.01 9.38 9.75 9.69 9.66 
Oat 0 0 0 0 0 20 0.4 
Triticale 0 545 170 53 1 217 158 
Corn 0 7 501 319 316 379 170 
Pea 0 28 38 0 160 47.2 89 
Rapeseed meal 0 34 1 155 82 52 12 
Sunflower meal  0 80 24 0 0 60 40 
Barley 409.4 264 153 354.4 347.9 121 361.4 
Wheat  327 1.2 2.7 74 44 33.7 107 
Soybean meal 48 202 0 67 3.9 0 25.6 17 
Sunflower oil 23 0 0 0 9 3.4 4.6 
L-Lysine HCL 3.5 5.5 7.7 5.6 4.5 5.6 5.1 
L-Threonine 1.4 2 1.9 1.7 1.8 1.9 1.9 
L-Tryptophan 0.3 0.2 0.5 0.4 0.5 0.5 0.4 
DL-Methionine 0.9 0.6 0.7 0.5 0.8 0.6 0.7 
Salt  4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Calcium carbonate 11 11 11 11 11 11 11 
Dicalcium phosphate 12 12 12 12 12 12 12 







Supplementary material 8. Global environmental indicator of LRFI and HRFI lines obtained from the sum of the four impact categories 
with weighing of one, normalised to the corresponding of the least cost diet. 
 
 
Impact category Unit LRFI HRFI 
Least cost Reference Joint Least score Least cost Reference Joint Least score 
Global warming 
potential 
kg CO2 eq 
2.024565039 2.07743 1.956578342 1.964893997 2.0940194 2.216420683 2.0289206 2.00876661 
Acidification kg SO2 eq 0.033078762 0.036778 0.03455181 0.035635412 0.0371808 0.040003775 0.0353864 0.03655861 
Eutrophication kg P eq 0.001390904 0.001168 0.001365895 0.00127469 0.0015651 0.001240719 0.0014021 0.00139793 
Land occupation m2a crop eq 4.357045629 4.306144 3.897016388 3.537422797 3.9773762 4.583056232 4.2243881 4.17354862 
Sum of four impacts 6.416080334 6.42152 5.889512435 5.539226896 6.1101416 6.840721409 6.2900971 6.22027177 
Global environmental indicator  1 1.0008 0.9179 0.8633 1 1.1195 1.0294 1.018 
 
[GWP (kg) + AP (kg) + EP (kg) + LO (m2)] diet / [GWP (kg) + AP (kg) + EP (kg)+ LO (m







Supplementary material 9. Phenotypic correlations (95% confidence interval) between profit of a 120kg pig and performance traits and 
environmental impacts , with the recorded traits in the LRFI and HRFI lines with least cost, least environmental score, joint cost-environment diet 



















(0.49 ; 0.79) 
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-0.15 
(-0.40 ; 0.11) 
0.06 
(-0.20 ; 0.31) 
-0.15 
(-0.40 ; 0.11) 
0.07 
(-0.19 ; 0.32) 
-0.20 
(-0.44 ; 0.07) 
BP/BL 0.40 
(0.17 ; 0.60) 
0.71 
(0.56 ; 0.82) 
0.31 
(0.06 ; 0.53) 
0.73 
(0.58 ; 0.83) 
0.40 
(0.16 ; 0.60) 
0.72 
(0.57 ; 0.83) 
0.39 
(0.15 ; 0.59) 
0.75 
(0.61 ; 0.85) 
BFT -0.47 
(-0.65 ; -0.25) 
-0.78 
(-0.87 ; -0.66) 
-0.33 
(-0.54 ; -0.08) 
-0.79 
(-0.87 ; -0.66) 
-0.47 
(-0.65 ; -0.25) 
-0.78 
(-0.87 ; -0.66) 
-0.47 
(-0.65 ; -0.24) 
-0.80 
(-0.88 ; -0.68) 
PD 0.81 
(0.70 ; 0.89) 
0.70 
(0.54 ; 0.81) 
0.88 
(0.80 ; 0.93) 
0.61 
(0.42 ; 0.75) 
0.74 
(0.59 ; 0.84) 
0.63 
(0.45 ; 0.77) 
0.73 
(0.59 ; 0.83) 
0.63 
(0.45 ; 0.77) 
BL -0.47 
(-0.65 ; -0.25) 
-0.78 
(-0.87 ; -0.66) 
-0.33 
(-0.54 ; -0.08) 
-0.79 
(-0.87 ; -0.66) 
-0.47 
(-0.65 ; -0.25) 
-0.78 
(-0.87 ; -0.66) 
-0.47 
(-0.65 ; -0.24) 
-0.80 
(-0.88 ; -0.68) 
BP 0.56 
(0.35 ; 0.71) 
0.83 
(0.73 ; 0.90) 
0.42 
(0.19 ; 0.61) 
0.84 
(0.74 ; 0.90) 
0.58 
(0.37 ; 0.72) 
0.84 
(0.74 ; 0.90) 
0.56 
(0.35 ; 0.71) 
0.83 
(0.73 ; 0.90) 
LMP 0.49 
(0.26 ; 0.66) 
0.79 
(0.67 ; 0.87) 
0.34 
(0.10 ; 0.55) 
0.80 
(0.68 ; 0.88) 
0.49 
(0.27 ; 0.66) 
0.80 
(0.68 ; 0.88) 
0.48 
(0.26 ; 0.66) 
0.81 
(0.69 ; 0.88) 
GWP -0.92  
(-0.95 ; -0.86) 
-0.93 
(-0.96 ; -0.89) 
-0.88   
(-0.93 ; -0.81) 
-0.95   
(-0.97 ; -0.91) 
-0.90   
(-0.94 ; -0.84) 
-0.95  
(-0.97 ; -0.91) 
-0.90  
(-0.94 ; -0.84) 
-0.92  
(-0.95 ; -0.86) 
AP -0.91   
(-0.95 ; -0.86) 
-0.94 
(-0.96 ; -0.89) 
-0.89  
(-0.93 ; -0.82) 
-0.95   
(-0.97 ; -0.92) 
-0.91  
(-0.94 ; -0.85) 
-0.95   
(-0.97 ; -0.92) 
-0.90   
(-0.94 ; -0.84) 
-0.92   
(-0.95 ; -0.87) 




(-0.95 ; -0.86) (-0.96 ; -0.89) (-0.93 ; -0.81) (-0.97 ; -0.91) (-0.94 ; -0.84) (-0.97 ; -0.91) (-0.94 ; -0.84) (-0.95 ; -0.86) 
LO -0.92   
(-0.95 ; -0.86) 
-0.93   
(-0.96 ; -0.89) 
-0.88   
(-0.93 ; -0.81) 
-0.95    
(-0.97 ; -0.91) 
-0.90  
(-0.94 ; -0.84) 
-0.95  
(-0.97 ; -0.91) 
-0.90   
(-0.94 ; -0.84) 
-0.92    
(-0.95 ; -0.86) 
 
LO = land occupation; EP= freshwater eutrophication potential; AP = acidification potential; GWP= global warming potential; BW = body 
weight; ADG = average daily gain; ADFI = average daily feed intake; FCR = feed conversion ratio; ECR = energy conversion ratio; PD = protein 
deposition; BFT = back fat thickness; BP/BL = ratio of body protein weight/ body lipid weight at slaughter. BP = body protein content; BL = body 








Supplementary material 10. Average (SD) of the costs and revenue of the lines fed the reference diet, least cost diet, least score diet and 
joint diet. 
 
 Fattening diet 
cost (€) 
Energy (€) Water (€) Fattening 
Labor (€) 
Total Cost (€) Revenue 
Reference LRFI 53.67a (4.74) 3.651a (0.040) 2.45 a (0.19) 4.18 a (0.57) 117.39a (5.61) 128.49 (1.83) 
 
HRFI 55.88b (4.76) 3.631b (0.043) 2.54 b (0.19) 3.97 b (0.44) 119.38b (5.35) 127.88 (2.58) 
Least cost LRFI 46.40a (3.30) 3.652 a (0.040) 2.63 a (0.16) 4.38 a (0.60) 110.68 (4.13) 128.44a (2.33) 
 HRFI 48.03b (3.56) 3.630 b (0.039) 2.51 b (0.15) 4.09 b (0.42) 111.71 (3.99) 126.18b (3.70) 
Least score LRFI 48.18a (3.72) 3.654 a (0.041) 2.57 (0.17) 4.30 a (0.58) 112.24 (4.56) 128.53a (2.25) 
 
HRFI 49.98b (3.80) 3.630 b (0.039) 2.56 (0.16) 4.06 b (0.42) 113.67 (4.24) 126.40b (3.71) 
Joint LRFI 47.59 (3.65) 3.651 a (0.040) 2.50 (0.17) 4.30 a (0.59) 111.58 (4.49) 128.45a (2.23)  
HRFI 47.82 (3.82) 3.630 b (0.042) 2.56 (0.17) 4.01 b (0.42) 111.42 (4.34) 127.00b (2.44) 







 Main messages from Chapter 4 
 
An individual trait-based bio-economic model was developed along with the 
previously developed individual LCA model to evaluate the sustainability of incorporating 
selection for pig feed efficiency, dietary optimisation based on a single or multiple objectives 
tailored to meet the population’s nutritional requirements, as a strategy to achieve an overall 
farm feed efficiency (Figure 13).  
An approach was developed for combining multiple environmental and economic diet 
optimisation objectives in a single objective using environmental score and weighting factors 
while satisfying the lines nutritional requirements as the constraints.  
The individual performance traits of pigs from two genetic lines were simulated with 
InraPorc® in response to diets optimised for least cost, least environmental impacts, or 
minimum combination of cost and environmental impacts objectives. The simulated traits 
were jointly input to the LCA and bio-economic models for individual pig sustainability 
assessments in terms of economy and environment.  
Significant differences in the environmental impacts (P < 0.0001) and profit (P < 0.05) 
between lines fed the same reference diet showed that selection for feed efficiency based on 
RFI in pigs improves pig production sustainability.  
Implementing overall farm feed efficiency mitigated the inherent line profit 
difference from 23.4% with the reference diet to 7.6% with the joint diet.  
The high correlations of FCR with the environmental impacts (> 0.82) and the profit (< -
0.88) in both lines confirmed the importance of feed efficiency as a lever for the sustainability 









Figure 8. Schematic representation of the base-LCA individual model developments in this 
second study. The blue parts show the initial model developed in chapter 2, the yellow parts 



















The results of this thesis have already been discussed in each of the chapters of this 
manuscript. Here we will go beyond these specific points to discuss some of the main 
achievements, conclusions, limitations and perspectives of the work. First, some of the models 
choices and properties will be discussed, and then the implications of the results for pig 
production and selection will be discussed. 
 
To start, I recall here briefly the record of achievements of this thesis: 
 
1. Developing an individual trait-based LCA model. 
2. Developing an individual trait-based bio-economic model. 
3. Developing an approach to achieve overall farm feed efficiency by combining 
genetically based nutritional requirements with economic and environmental objectives for diet 
composition optimisation.  
4. Showing that selection for improved feed efficiency in pigs enhances the 
profitability and mitigates the environmental footprint of pig production.  
5. Demonstrating that the overall farm feed efficiency strategy can alleviate the 
environmental an economic burden of less efficient animals. 
6. Establishing the consistency of the strategy via considering NE as the core 
linkage between line requirements, ingredients dietary composition, price, and environmental 
impacts.  
7. Assessing sustainability at the individual level.  
8. Considering individual variations to obtain correlations between the 





 Models to assess sustainability: choices and limits 
 Models choices 
 
The environmental burdens of products and processes can be quantified using modelling 
techniques such as LCA to identify the hotspots with potential for mitigation. To assess the 
environmental impacts of pig selection for feed efficiency, alone or integrated with a tailored 
diet optimisation, a parametric LCA model was developed in the MEANS platform, by 
incorporating individual performance traits as input variables in the LCA model. The trait based 
LCA model was flexible enough to perform individual LCA to consider the variations among 
individual pigs and to unveil the correlations between the growth performance traits and the 
environmental impacts. As a module, InraPorc® was incorporated in LCA model to simulate 
the fattening traits of individual pigs, used as inputs for the LCA model. This integration 
allowed the evaluation of multiple animal x diet combinations. The simulated traits in response 
to diet compositions were manually imported one by one to the LCA model to run 114 separate 
individual LCA. The environmental impacts of genetic selection for feed efficiency were 
assessed through the individual trait based LCA for four impact categories on the lines of pigs 
divergently selected for feed efficiency on an RFI basis. The four impact categories of GWP, 
AP, EP, and LO were included in environmental assessment because of their significance in pig 
farming environmental footprints explained in chapter (4). Due to complexity of considering 
regional water scarcity index for the areas that ingredients are produced, the water depletion 
impact was assessed only for environmental assessment of selection for feed efficacy (chapter 
2). The choices for the background system of the LCA, including methods, inventories, 
assumptions, emission factors, and system boundaries make the resulted impacts difficult to 
compare between the numerous previously existing LCA studies. However, to keep consistency 
and comparability of the quantified impacts, the standardized recommendations (e.g. IPCC 
2006, LEAP and NRC) along with the same LCA method, inventories and system boundary 











The economics of a pig farm as a biological process (system) can be investigated through 
simulating the interactions between economic and biological components with a system of 
equations, which is called bio-economic models (Dekkers et al., 2004). Variety of bio-economic 
models could be developed with different assumptions including partial or life cycle 
consideration, and deterministic or stochastic models. In this thesis, a parametric bio-economic 
model was developed by incorporating individual performance traits as input variables in the 
profit model. The trait based bio-economic model developed in this study was flexible enough 
to consider the variations among the individual pigs, to estimate profit for every individual pig 
directly from its own growth performance traits, and to unveil correlations between the growth 
performance traits and the profit. As a module, InraPorc® was integrated to the bio-economic 
model to simulate the fattening traits of individual pigs, allowing the evaluation of multiple 
animal x diet combinations. Thus, rather than the usual economic assessment for a typical or 
the average of a group of pigs, an individual profit assessment was targeted in this study, for 
consistency with the LCA approach. The different stages of the production including 
sow/litters, post-weaning, and fattening would have different relative importance in terms of 
cost and final profit. Due to the main contribution of the cost of fattening diet in the total costs, 
along with the availability of the performance traits, the trait-based bio-economic model was 
developed considering all the production stages with a focus on the fattening stage. 
 
 
a.  NE constraints 
 
The consistency of the overall farm feed efficiency approach was obtained from 
considering NE as the core linkage between genetic, diet formulation and optimisation. As an 
advantage over the ME and DE systems, the NE system can better estimate the supplied usable 
energy to pigs, the feed intake of different diet compositions as well as the resulting growth 
performance of pigs (Verstegen, 2001; Noblet, 2007; Oresanya et al., 2008; NRC, 2012). On 
one side, the level of nutrient excretion by pig in the manure depends the density of nutrients 
in the diet and the feed intake. On the other side, the feed intake is driven by the diet NE since 
fattening pigs align their feed intake to the NE density of diet (Quiniou and Noblet, 2012; Kil 
5.1.1.2 Bioeconomic model 




et al., 2013). According to Kebreab et al. (2016) the most effective approach to mitigate 
environmental impacts is to reduce protein and P intakes. In (2002), Ferket et al, indicated that 
nutrient efficiency can be improved by adjusting the nutrient supply to more closely match the 
animal individual requirements. As such, the appropriate approach is to target the right dietary 
nutrition balance (balanced AAs to NE, balanced essential AAs) for groups of pigs, lines or 
towards individually precision feeding (Pomar et al., 2014). To make sure that energy is the 
first limit of the dietary compounds for animal growth, optimum nutrient to energy ratios should 
be defined as the constraints in diet formulation (Mackenzie et al., 2016). Constrained to the 
NE content of the resulting diet ensures a consistency with the expected pig intakes, and hence 
related emissions and excretions at the pig farm level for all the optimised diets. Variability in 
the requirements for AAs and NE among pigs emerge from the heterogeneity in growth 
performance, nutrient excretion and slaughter weight (Cadero et al., 2018). In this thesis, as the 
prerequisite for tailored diet optimisation, the maximum for individual pigs of their nutritional 
requirements standardised to NE were obtained for all pigs and the average for CP and four 
AAs were considered as the line representative requirements. Standardisations by NE of costs 
and environmental impacts of the diet ingredients used in the objective functions, as well as 
standardised individual requirements to NE, harmonises the whole process of diet optimisation 
and enables to control later nutrient excretion. In addition, for each line an identical nutritional 
balance of the optimised diets, in nutrients to NE ratios, was achieved, leading to approximately 
the same requirement satisfaction for each diet x line combination. Thus, as an advantage, the 
NE standardisation makes the process independent from an estimation of nutrient excretion 
during the diet optimisation, as was proposed by Mackenzie et al. (2016), who developed an 
excretion estimator as a module in diet optimisation procedure. In addition, the incorporation 
of animal requirements ratio in the constraints of the diet optimisation not only regulates a 
proper balance between AAs and NE, but also regulates the proper balance between the AAs 
required as well. 
 
 
b. Objective functions and normalisation 
 
Various diet optimisation studies have been performed, with approach different objective 
functions relatively to environmental impacts, reviewed in the previous chapters. In this thesis, 




optimisation combining environment, cost and line nutritional requirements. Simultaneously 
minimising the environmental impacts and constraining cost is a multi-objective optimisation 
problem, with the challenge of having different scales and units for each objective. To overcome 
this challenge, the least cost diet satisfying the line requirements was retained as a reference for 
normalisation of the other objectives. Thus, the environmental impacts of the least cost diet 
were used for normalisation of each environmental impact of the optimised diets, combined 
with weighting factor of one into an environmental impact score. The single environmental 
score was then first used as an objective function to obtain the least environmental score diet 
(Chapter 3). To integrate economy and environment in diet optimisation, this environmental 
score, weighed by a factor wt, was combined to the diet cost weighed by a factor 1-wt in a joint 
economy-environment objective function in chapter (4). The joint diet for each RFI line was 
obtained with a different optimum weighting factor (wt), reflecting distinct trade-off points 
between economic and environment due to genetic requirements differences between the lines. 
The optimum weighting factor wt determined the most sustainable diet composition as a line 
specific trade-off between economy and environment. For different nutritional requirements or 
market price of ingredients, and changes of impacts of ingredients due to change of origin, the 
optimum trade-off points would be displaced, resulting in different composition of the 
optimised diets. How the volatility in the prices and changes of impacts of diet ingredients and 
line requirements would affect the results was not examined in the thesis project. The lack of 
connection between the diet optimisation algorithms and the LCA model would make a 
sensitivity analysis including individual assessments very tedious. Further sensitivity and 
uncertainty analyses due to these volatilities, as a stochastic approach, would provide insights 
about the importance of these aspects on the optimum trade-off points. 
 
c. Number of ingredients 
  
Generally the main focus in diet formulation is to reduce the cost of the diet while 
ensuring the nutritional requirements of the herd, without considering environmental impacts 
of the incorporated ingredients. In practice increasing the number of ingredients would provide 
more flexibility toward more environmentally optimised diets. From a nutritional viewpoint, 
feed ingredients are classified into cereal and cereal co-products (main energy supply), protein 
rich crops and oil seeds, by-products from industry and additives (Wilfart et al., 2016). To 




was increased relatively to the reference diet with the constraint of availability of elaborated 
nutritional characterisations in the database of InraPorc® and inventory databases of SimaPro, 
to be able to run the full individual level analyses. Due to dependency of the model on 
simulations by InraPorc®, we used the INRA-AFZ database, which is an embedded database in 
InraPorc® with nutritional characterisation of limited ingredients and by-products. In this thesis, 
the main concern was to demonstrate that the methodology is effective. However, further 
diversification of ingredients, including local new ingredients and co-products, is expected to 
improve even more the economic and environmental impacts of pig production. However, 
besides connecting databases to gather information about a maximum of classic ingredients, a 
difficulty stands in the availability of appropriate environmental and economic indicators, in 
particular for novel ingredients that would still be under development. It usually requires some 
hypotheses related to production upscaling, and cautious uncertainty evaluation to assess the 
robustness of the results to the hypotheses (Mackenzie et al., 2015; Tallentire et al., 2018). 
 
d. Pig life cycle sustainability assessment 
 
The diets were optimised only for fattening pigs, since selection for feed efficiency in 
pigs is focused on this phase, as fattening pigs consume the main proportion (70%) of overall 
pig farm feed, so this phase is responsible for the main economic and environmental impacts. 
Moreover, the available version of InraPorc® (1.7) was not designed to simulate the 
performance traits of individual pigs during post-weaning as well as reproductive traits of sows. 
In case of development of InraPorc® to cover these stages, individual sustainability assessment 
on sows and post-weaning pigs, in addition to fattening pigs, would provide insights on whole 
cycle of pigs. Given that the RFI lines were shown to differ during these stages too (Gilbert et 
al., 2012), in particular with reduced feed intakes and better survival, it would certainly enhance 
the line differences estimated in this thesis. However, the evaluation at the individual level 
would not necessary require the sow stage to be implemented, as most fattening pigs would not 
become breeding animals. A difficulty at the moment resides in the availability of individual 
data for the earlier stages of the pig life, and dedicated nutritional models, as those recently 






  Conclusion on models 
 
 The bio-economic and LCA models were developed based on diverse assumptions, fixed 
and variable parameters, and empirical equations. Therefore, any change in the assumptions, 
methodological choices and conditions including supply chain of the ingredients (e.g. origin), 
database inventories, manure management and application, farm operations, pig survival rate, 
market price of pig, would definitely modify the quantity values of the results. However, due 
to performing the comparative approach with consistency in all assumptions and conditions, it 
is expected that these changes would affect the compared scenarios in very similar ways, and 
the main conclusions would hold. Accordingly, the estimated values may not be robust to 
variations and uncertainties, but the conclusion about the possibility of improvement of impacts 
through combination of genetics and diets is probably robust to most of those changes. 
 
 Automation and connection between models 
 
Performing individual assessments may face to some challenges when tools, algorithms 
and databases are not synchronised. In this study, the absence of connectivity between the 
softwares used for the model developments, like SimaPro, population version of InraPorc®, and 
R was a bottleneck to multiply individual economic and environmental assessments. 
Developing the connectivity between these softwares and tools in terms of importation and 
exportation of data and results would provide the opportunity for dynamic and automatic 
individual assessment on large populations of pigs. In addition, sensitivity and uncertainty 
studies on the input parameters of the models, such as volatility of the market price of 
ingredients, variations in origin of ingredients and line requirements, could be performed more 
easily for individual assessment analyses if all modules were connected.  
 
 
 Individual assessment and correlations 
 
It is shown that simulating the performance of a group of pigs in response to some feeding 
plans (scenarios) by using an individual based model instead of an average animal model is 
more precise, as it considers the nutritional requirements variability among individual pigs 




for a typical or the average of a group of pigs, while we produced individual profiles for pigs 
of each line. Through individual assessment, the covariances between the performance traits as 
well as their variation between individuals are considered in the simulation, which makes the 
results more precise and reliable. With this approach, it is possible to statistically test the 
differences of impacts between populations/systems/feeding scenarios. Such statistical 
comparisons are rarely presented in LCA studies of pig, and is considered as a flaw of some 
comparisons. To overcome this, uncertainty analysis is a common complementary part of LCA 
(Groen et el., 2014), which provides a different type of information. Thus, in case of possibility, 
individually based LCA would provide highly reliable and valuable data for statistical analyses.  
In addition, individual trait-based economic and environmental assessments unveil the 
correlations between traits, profits, and environmental impacts. The correlations between 
performance traits and environmental impacts were observed to be robust to feeding the 
optimised diets as well as to genetics, which reflected the nutritional requirements satisfaction 
obtained from the diet optimisations. From a genetic perspective, the individual assessment 
could be a lever towards selection indexes including environmental objectives. Indeed, if the 
performances of a full pig population could be jointly evaluated under a given feeding program 
– which clearly depends on the availability of a full connected model as discussed in the 
previous section – then the proportion of the variance of the environmental impacts transmitted 
from one generation to the next (heritability) could be estimated, as their genetic correlations 
with most performances, which is a first step for building selection indexes. An index for 
selection for sustainability could then be defined using genetic correlations between 
performance traits and environmental impacts as well as profit. 
 
 
 Pig production sustainability and feed efficiency 
 Identifying levers for pig production sustainability 
 
The innate genetic difference between efficient and less efficient pigs are reflected into 
the differences between nutritional requirements, which like a domino, propagates on the 
downstream diet optimisation procedures, optimised diet compositions, and eventually on the 
overall costs and environmental impacts of pig farming. In addition, the differences between 
the nutritional requirements result in distinct least cost diets for different genetics, in terms of 




same diet would be the baseline to quantify the profit differences due to genetics. Consequently, 
the decrease in the profit difference between lines with the joint diets shows that the tailored 
diet optimisation can alleviate the innate difference in profitability between populations of 
different genetic potential. Finally, the higher economic robustness of the lines with the joint 
diets scenario, tested against the change of diet and pig market prices in chapter 4, illustrated 
that tailored diet optimisation combined with genetics would be much effective to reach an 
economically sustainable pig production. It is expected that higher improvement in feed 
efficiency would be obtained from individual tailored diet optimisation compared to line 
tailored diet optimisation.  
 
The highest correlations were observed between FCR and both profit and the 
environmental impacts. This underlines that feed efficiency is a very important factor for the 
sustainability of the pig production systems, as already reported for various species (Ali et al., 
2018; Besson et al., 2020). The medium to high correlation between protein deposition and both 
profit and environmental impacts for all conventional and optimised diets in both lines made it 
one promising new trait to improve sustainability in pig production. These correlations certainly 
stress that some of the reduction of environmental impacts obtained if FCR was changed would 
come from increases in protein deposition, thanks to their favourable correlations. However, 
the line differences in all impact categories and moderate to high correlations of RFI with the 
impacts revealed that it is also possible to improve environmental impacts by improving feed 
efficiency, with limited changes of other performance traits. Finally, the high negative 
correlations between environmental impacts and profit of the lines can be interpreted as the 
tight relation between feed intake and environmental impacts on one hand, and profit on the 
other hand, but it also highlights the importance of considering feed intake relatively to growth 
in these assessments, feed intake alone having more moderate correlations with the impacts and 
profit.  
 
 Towards further management choices 
 
These results can be used to envisage management choices that would lead to reduced 
impacts while maintaining the competitiveness of the production. The variations of economic 
and environmental impacts due to variations in nutritional requirements profiles of individuals 




overall farm feed efficiency was obtained from single phase line tailored diet optimisation, 
which could be extended to multiphase line tailored diet optimisation, and eventually 
individual-based tailored diet optimisation. An ultimate feed efficiency would be expected from 
dynamic individual daily basis tailored diet optimisation (precision feeding, Pomar and Remus 
2019), which can be obtained from automatic feeders with the ability to estimate daily 
requirements of individual pigs.  
 
Overall farm feed efficiency could be customised for each pig farm according to its 
situation in terms of geographical location, regional resources and pig profiles. Mitigation 
preference for an impact category in a region could be obtained from adjusting the weighting 
factor of that category in the environmental score in the objective function of diet optimisation. 
Higher uniformity in the nutritional requirements profiles within a farm, diversification 
between farms based on pig profiles, diet optimisation to meet the requirements using available 
local by-products and novel ingredients, could move from feed efficiency at the farm level 
towards overall efficiency at the pig industry level.  
 
 Towards further genetics and selection choices 
 
Generally, selection choices has been derived from economic breeding goals without 
accounting for environmental impacts of pig production systems. Due to the increased 
importance of sustainability, efforts has been performed to incorporate environmental impacts 
in breeding goals. Identification of relationships between traits and environmental impact 
categories as well as profit is a prerequisite to develop a selection index for sustainability. 
Considering a sustainable breeding goal, rather than an economically driven breeding goal, may 
alter the structure of the selection index, while offering an alternative selection direction in 
favour of traits correlated to sustainable pig production. A selection index for more sustainable 
production should be developed based on the traits with the highest (genetic) correlations to 
profit and environmental impacts. One study recently investigated the variations in 
environmental impacts due to the genetic variations of traits through conducting a local one-at-
a-time sensitivity analysis and global sensitivity analysis, which considered the correlations 
between the traits. Ottosen et al. (2020) applied this approach to estimate the changes of 
environmental impacts from genetic change in pig production systems. In their study, for global 




changes in environmental impacts due to changes in each cluster independently from the other 
clusters. In another approach, some tried to integrate environmental impacts in a bio-economic 
model through monetising the impacts. In this way, the economic weights of the traits would 
be altered due to the costs of environmental impacts, which could be used to improve a selection 
index towards the sustainability of pig production systems. Ali et al. (2018) applied this to 
incorporate GHGs (CO2, CH4 and N2O) as a cost in breeding goal through monetising of GHGs 
based on the shadow price of CO2 emission. However, this approach, although very effective 
to define a selection index, has shortcomings due to the lack of universal agreement and 
standard guidelines for monetising environmental impacts. As an alternative to incorporate 
environmental impacts in breading goal, the obtained correlations between the traits and 
impacts as well as profit could be used to develop a prospective approach for desired 
sustainability response, which, combined with the economic weights of the heritable traits of 
interest, could lead to the definition of a selection index for sustainability. 
 
 
 General conclusion  
 
The economic and environmental assessments showed that selection for improved feed 
efficiency in pigs increases the profitability and mitigates the environmental footprint of the pig 
production. Selection for feed efficiency combined with diet optimisation to meet the individual 
nutritional requirements even enhanced these economic and environmental improvements 
through restoring part of the advantages of selection that cannot emerge when feeding animals 
the same diet. Nevertheless, feeding low efficient pigs an optimised diet strongly reduces the 
genetic differences and alleviates most of their innate economic and environmental burdens. 
Thus, for increased pig sustainability, a selection for feed efficiency should be combined to diet 
optimisation. Furthermore, the assessment at the individual level gives access to the covariances 
between the performance traits and the environmental impacts and profit. The high correlations 
of FCR with environmental impacts and profit in both lines confirmed the importance of feed 
efficiency as a lever for the sustainability of pig production. Also the moderate correlations 
with RFI pointed this trait as a potential lever to improve environmental impacts with limited 
correlated effects on other production traits. From the results of this thesis, it seems possible to 




efficiency to a more holistic and sustainable point of view, to achieve more balanced breeding 







Ali, B. M., Y. de Mey, J. W. M. Bastiaansen, and A. G. J. M. O. Lansink. 2018. Effects of 
incorporating environmental cost and risk aversion on economic values of pig breeding 
goal traits. J. Anim. Breed. Genet. 135:194–207. doi:doi.org/10.1111/jbg.12331. 
Besson, M., H. Komen, G. Rose, and M. Vandeputte. 2020. The genetic correlation between 
feed conversion ratio and growth rate affects the design of a breeding program for more 
sustainable fish production. Genet Sel Evol. 52. doi:10.1186/s12711-020-0524-0. 
Brossard, L., B. Vautier, J. van Milgen, Y. Salaun, and N. Quiniou. 2014. Comparison of in 
vivo and in silico growth performance and variability in pigs when applying a feeding 
strategy designed by simulation to control the variability of slaughter weight. Anim. Prod. 
Sci. 54:1939–1945. doi:10.1071/AN14521. 
Cadero, A., A. Aubry, J. Y. Dourmad, Y. Salaün, and F. Garcia-Launay. 2018. Towards a 
decision support tool with an individual-based model of a pig fattening unit. Comput 
Electron Agric. 147:44–50. doi:10.1016/j.compag.2018.02.012. 
Dekkers, J. C. M., J. P. Gibson, and P. Bijma. 2004. Design and optimisation of animal breeding 
programmes. Lecture notes for AnS 652 A and B, S05, Ames, USA: Iowa State 
University. 300. 
Ferket, P., E. Heugten, and C. Angel. 2002. Nutritional strategies to reduce environmental 
emissions from nonruminants1,2. J. Anim. Sci. 80. 
Groen EA, Heijungs R, Bokkers EAM. 2014. Sensitivity analysis in life cycle assessment. 
Proceedings of the 9th International Conference on Life Cycle Assessment in the Agri-
Food Sector. https://www.researchgate.net/publication/283417261 
Kebreab, E., A. Liedke, D. Caro, S. Deimling, M. Binder, and M. Finkbeiner. 2016. 
Environmental impact of using specialty feed ingredients in swine and poultry 
production: A life cycle assessment. J. Anim. Sci. 94:2664–2681. doi:10.2527/jas.2015-
9036. 
Kil, D. Y., F. Ji, L. L. Stewart, R. B. Hinson, A. D. Beaulieu, G. L. Allee, J. F. Patience, J. E. 
Pettigrew, and H. H. Stein. 2013. Effects of dietary soybean oil on pig growth 
performance, retention of protein, lipids, and energy, and the net energy of corn in diets 
fed to growing or finishing pigs. J. Anim. Sci. 91:3283–3290. doi:10.2527/jas.2012-5124. 
Mackenzie SG, Leinonen I, Ferguson N, Kyriazakis I. 2015. Accounting for uncertainty in the 
quantification of the environmental impacts of Canadian pig farming systems. J Anim Sci 
93:3130–3143. https://doi.org/10.2527/jas.2014-8403 
Mackenzie, S. G., I. Leinonen, N. Ferguson, and I. Kyriazakis. 2016. Towards a methodology 
to formulate sustainable diets for livestock: accounting for environmental impact in diet 
formulation. Br. J. Nutr. 115:1860–1874. doi:10.1017/S0007114516000763. 
Noblet, J. 2007. Recent developments in net energy research for swine. Adv. Pork Prod. Proc. 
Banff Pork Semin. Available from: https://agris.fao.org/agris-
search/search.do?recordID=US201300765236 
NRC. 2012. NRC. Nutrient Requirements of Swine. 11th Rev ed. Natl Acad. Press; 




Oresanya, T. F., A. D. Beaulieu, and J. F. Patience. 2008. Investigations of energy metabolism 
in weanling barrows: the interaction of dietary energy concentration and daily feed 
(energy) intake. J. Anim. Sci. 86:348–363. doi:10.2527/jas.2007-0009. 
Ottosen M, Mackenzie SG, Wallace M, Kyriazakis I (2020) A method to estimate the 
environmental impacts from genetic change in pig production systems. Int J Life Cycle 
Assess 25:523–537. https://doi.org/10.1007/s11367-019-01686-8 
Pomar, C., I. Kyriazakis, G. Emmans, and P. Knap. 2003. Modeling stochasticity: Dealing with 
populations rather than individual pigs. J. Anim. Sci. 81. 
Pomar, C., J. Pomar, F. Dubeau, E. Joannopoulos, and J.-P. Dussault. 2014. The impact of daily 
multiphase feeding on animal performance, body composition, nitrogen and phosphorus 
excretions, and feed costs in growing-finishing pigs. Anim. Int. J. Anim. Biosci. 8:704–
713. doi:10.1017/S1751731114000408. 
Pomar C and Remus A. 2019. Precision pig feeding: a breakthrough toward sustainability. 
Anim. Front 9:52–59 
Quiniou, N., and J. Noblet. 2012. Effect of the dietary net energy concentration on feed intake 
and performance of growing-finishing pigs housed individually. J. Anim. Sci. 90. 
doi:10.2527/jas.2011-4004. 
Tallentire CW, Mackenzie SG, Kyriazakis I. 2018. Can novel ingredients replace soybeans and 
reduce the environmental burdens of European livestock systems in the future? J. Clean. 
Prod. 187:338–347. doi.org/10.1016/j.jclepro.2018.03.212 
Verstegen, M. W. A. 2001. Developments towards net energy systems in feeds and animals. 
Available from: http://agris.fao.org/agris-search/search.do?recordID=NL2012061676 
Wilfart, A., S. Espagnol, S. Darracq Dauguet, A. Tailleur, A. Gac, and F. Garcia-Launay. 2016. 
ECOALIM: A Dataset of Environmental Impacts of Feed Ingredients Used in French 








 Scientific communications  
 
 Poster 
Soleimani Tara, Gilbert Hélène. 2019. Evaluating environmental impacts of selection for 
residual feed intake in pigs. In 70th Annual Meeting of the European Federation of Animal 
Science (EAAP), Ghent, Belgium.  
 
 Oral communications  
Soleimani T, Hermesch S, Gilbert H. 2020. Evaluation economic and environmental 
impacts for residual feed intake and tailored diet formulation in pigs. UNE postgraduate 
conference 2020, New England Award (NEA), Armidale, Australia.  
 
Soleimani Tara, Gilbert Hélène. 2020. Environmental optimisation of diets for genetically 
selected pigs. In 71th Annual Meeting of the European Federation of Animal Science- virtual 
EAAP. Session 04, P.115. 
 
Soleimani Tara, Gilbert Hélène. 2021. Combiner génétique et nutrition pour une 
optimisation économique et environnementale en production porcine. 53èmes Journées de la 
Recherche Porcine. Paris. 
 
 
Soleimani Tara, Gilbert Hélène. 2020. Evaluating environmental impacts of selection for 
residual feed intake in pigs.animal.10.1017/S175173112000138X. 
Soleimani Tara, Gilbert Hélène. 2021. An approach to achieve overall farm feed 
efficiency in pig production:  environmental evaluation through individual life cycle 
assessment. International Journal of Life Cycle Assessment.10.1007/s11367-020-01860-3. 
 
Soleimani Tara, Hermesch Susanne, Gilbert Hélène. 2021. Combined economic and 
environmental assessments of pig production systems to improve pork production 



































   
 
196 
 
 
197 
 
 
198 
 
 
199 
 
 
  
 
200 
 
 
 
201 
 
 
 
202 
 
 
 
203 
 
 
 
204 
 
 
 
205 
 
 
 
206 
 
 
 
207 
 
 
 
208 
 
 
 
209 
 
 
 
210 
 
 
211 
 
 
 
212 
 
 
 
213 
 
 
 
214 
 
 
 
215 
 
 
 
216 
 
 
 
217 
 
 
 
218 
 
 
 
 
219 
 
 
 
 
 
220 
 
 
 
 
221 
 
 
 
 
222 
 
 
 
223 
 
 
 
 
224 
 
 
 
225 
 
 
